to 

to 

tc 

Si 


e> 


interference 

REDUCTION 

GUIDE 

FOR  DESIGN  ENGINEERS 


VOLUME  1 


ourta  t. 
cnwra  2. 


S”  ini?ITaft>0ICt  SS*1**  »8W  WttCWI 

nornWH,  tMMK  Mt  SANK  Km  1.KMr  «M  HUCTICE 


HARDCOPY 

M*CMfiCHC 


-X  S3 i.  p 


b 

US.  ARMY  ELECTRONICS  LABORATORIES 

I'nrt  Monmouth,  \,  J. 


Prepored  by: 


- -  ■  9 


counter  tt-M-030  U-M707 


*  ■  vmi 


JflUE 


1  AUGUST  1964 


SUGGESTIONS  OR  CRITICISMS  RELATIVE  TO  THE 
FORM,  CONTENTS,  PURPOSE  OR  USE  OF  THIS  DOC¬ 
UMENT  SHOULD  BE  REFERRED  TO  THE  DIRECTOR, 
U.S.  ARMY  ELECTRONICS  LABORATORIES,  FORT 
MONMOUTH,  NEW  JERSEY,  ATTENTION:  DIRECTOR, 
ELECTROMAGNETIC  ENVIRONMENT  DIVISION. 


Qualified  requesters  may  obtain 
copies  of  this  report  from  DDC. 
This  report  has  been  released  to 
CFSTI. 


Disclaimer 

The  citation  of  trade  names  and  names  of 
manufacturers  in  this  report  is  not  to  be 
construed  as  official  Government  Indorse¬ 
ment  or  approval  ox  the  use  of commercial 
products  or  services  referenced  herein. 


THIS  PUBLICATION  WAS  PREPARED  BY 
FILTRON  COMPANY,  INC. 

UNDER  CONTRACT  DA-36-G39  SC-90707 
ISSUED  BY 

U.  S.  ARMY  ELECTRONICS  LABORATORIES 
FORT  MONMOUTH,  NEW  JERSEY 


U.S.  ARMY  ELECTRONICS  LABORATORIES 


INTERFERENCE  REDUCTION  GUIDE 

FOR 

DESIGN  ENGINEERS 

VOLUME  t 


I  August  1964 


ConrilghL  IMS.  br 
ML1MN  COMPAKY.  «C. 

AO 

TVt  boat  «r  any  port  II *not  "<*  ^ 

_ _ -« - ^  feta  mMkam i  written 


ELECTROMAGNETIC  ENVIRONMENT  DIVISION 
U.S.  ARMY  ELECTRONICS  LABORATORIES 
FORT  MONMOUTH,  NEW  JERSEY 


INTERFERENCE  REDUCTION  GUIDE  FOR  DESIGN  ENGINEERS 


PREFACE 

Interference  generated  by  electrical  and  electronic  equipment  can 
seriously  interfere  with  the  generation,  transmission,  and  reception  of 
desired  signals  by  communications -electronic  equipment.  Such  interfer¬ 
ence  problems  ere  on  the  increase  because  of  the  growing  reliance  upon 
communications -electronic  equipment  1ft  military  operations,  increasing 
transmitter  powers,  better  receiver  sensitivities,  erd  the  crowding  of 
the  electromagnetic  spectrum  in  which  such  equipment  operates.  Inter¬ 
ference,  that  results  from  spurious  responses  or  spurious  radiations  in 
electronic  <  lipment,  detracts  from  the  usefulness  of  such  equipment,  re¬ 
duces  its  efficiency,  or  may  even  make  it  completely  inoperable. 

In  designing  equipment,  the  engineer  must  consider  how  the  func¬ 
tional  reouirements  of  the  equipment  are  affected  by  interference  char¬ 
acteristics.  In  this  way,  interference  problems  can  be  minimized  by  max¬ 
imum  utilization  of  interference-free  circuits  and  components  and  appli¬ 
cation  of  other  interference  control  techniques. 

Interference-proof  design  can  be  very,  very  expensive  If  the  original 
design  does  not  include  interference  reduction.  It  hes  been  the  usual 
practice  to  design  ccmmun I cat ions -electronic  equipment  with  very  little 
thought  given  to  the  adverse  electromagnetic  environment  in  which  the 
equipment  must  operate.  This  has  bean  caused  by  several  things,  among 
which  era: 

(a)  Intarference  reduction  is  often  left  out  of  the  initial  design 
in  the  expectation  that  If  trouble  is  encountered  later,  “field 
fixes"  will  take  care  of  the  problem  (as  in  many  cases  they  do) 

(b)  Many  engineers  believe  that  filtering  end  shielding  alone  do  an 
adequate  job 

(c)  There  h**  been  a  tendency  to  believe  that  interference  specifi¬ 
cations  are  needlessly  harsh,  or  cannot  be  complied  with  even 
when  the  requirements  are  recognized  as  legitimate 


m 


(d)  There  are  perhaps  a  few  otherwise  very  good  design  engineers 
who  just  don't  know  how  to  incorporate  interference  reduction 
into  their  basic  designs 

(e)  Time  and  money  pressures  sometimes  lead  to  the  erroneous  be¬ 
lief  that  interference  reduction  at  the  design  stage  is  too  ex¬ 
pensive 

This  guiee  is  an  attempt  to  provide  the  engineer  with  the  necessary 
background  and  techniques  to  enable  him  to  minimize  the  interference  gen¬ 
eration  and  interference  susceptibility  of  the  equipment  that  he  designs. 
The  guide  jjs  not  intended  for  the  interference  experts.  It  j_s  not  a  man¬ 
ual  for  field  fixes,  nor  for  interference  suppression  after  field  tests 
have  shown  interference  prob;v  'S.  1 1  J_s  intended  for  the  use  of  design 

engineers  with  little  or  no  interference  reduction  experience.  Some 
tables,  curves  and  other  handbook- type  data  are  included  but  only  to  the 
extent  that  such  data  is  not  readily  available  in  standard  handbooks  or 
manuals. 

The  guide  was  prepared  by  Filtron  Co.,  Inc.,  Flushing,  New  York,  on 
Contract  DA36-039  SC-90707. 


Iv 


TABLE  OF  CONTENTS 


CHAPTER  1. 

VOLUME  1 

INTRODUCTION  TO  INTERFERENCE  REDUCTION  DESIGN 

PRACTICE 

Para. 

Title 

-£SS£ 

DEFINITIONS 

1-3 

1-1 

General 

1-3 

1-2 

Ambient  Interference 

1-3 

1-3 

Bond 

1-3 

1-4 

Broadband  Interference 

1-3 

1-5 

Cross-Modulation  and  Crosstalk 

1-3 

1-6 

Decoup  1 ing 

1-3 

1-7 

Impedance  Stabilization  Network 

1-4 

1-8 

Impulse  Noise 

1-4 

1-9 

Insertion  Loss 

1-4 

1-10 

Integral  Suppression 

1-4 

1-11 

Interference 

1-4 

1-12 

'nte'ference  Tests 

1-4 

1-13 

Narrowband  Interference 

i-4 

1-14 

Shle’d 

1-5 

1-15 

Spurious  Emission  and  Response 

1-5 

1-16 

Susceptibi 1 1 ty 

1-5 

1-17 

Wave  Trap 

1-5 

CHARACTERISTICS  OF  INTERFERENCE 

1-6 

1-13 

General 

i-6 

1-19 

Broadband  Interferenca  Ganeration 

1-6 

1-20 

Theoretical  Considerations  of  Broadband 

1-9 

1-21 

Intarferenca  Gene  at  Ion 

Narrowband  Intarference  Generation 

1-20 

1-22 

Natural  Sources  of  Interference 

1-21 

1-23 

Man-Made  Sources  of  Interference 

1-26 

v 


t 


i 


TABLE  OF  CONTENTS  (Continued) 


VOLUME  I 


Section 

Para. 

Title 

Page 

III 

INTERFERENCE  GENERATION 

1-41 

1-24 

General 

1-41 

1-25 

Voltage  Variations 

1-43 

1-26 

Impedance  Variation 

1-43 

1-27 

Mechanical  Motion 

1-44 

1-28 

Swi tching  Action 

1-44 

IV 

INTERFL  •■*';£  TRANSFER  MEDIA 

1-46 

1-29 

General 

1-46 

1-30 

Conducted  Interference 

1-46 

1-3! 

Radiated  Interference 

1-47 

V 

ELECTROMAGNETIC  COMPATAB 1 L 1 TY  CONTROL  PLAN 

1-50 

1-32 

General 

1-50 

1-33 

EMC  Considerations  for  Radio  Set  AN/GRC-(  ) 

1-50 

1-34 

RFI  Design  Plan  for  Radio  Set  AN/GRC- (  ) 

1-52 

1-35 

RFI  Design  Plan  for  Modem  Unit  MD-(  ) 

1-64 

1-36 

RFI  Design  Plan  for  Shelter  Blower  -  Power 
Supply 

1-70 

1-37 

RFI  Design  Plan  for  AN/GRC-(  )  Ancillary 
Equipment 

1-72 

1-38 

RFI  Design  Plan  for  Government  Furnished  and 
Contractor  Purchased  Items 

1-86 

VI 

ELECTROMAGNETIC  COMPATIBILITY  TEST  PLAN 

1-87 

1-39 

EMC  Test  Plan 

1-87 

1-40 

Appendix  to  EMC  Test  Plan 

1-99 

vi 


TABLE  OF  CONTENTS  (Continued) 


CHAPTER  2. 
Section  Para. 

I 

2-1 

2-2 

I I 

2-3 

2-4 

2-5 

2-6 

2-7 

III 

2-8 

2-9 

2-10 

2-11 

2-12 

IV 

2-13 

2-14 

2-15 

2-16 

2-17 

2-18 


VOLUME  I 

GROUNDING,  BONDING  AND  SHIELDING  DE  IGN  THEORY  AND  PRACTICE 


Title  Page 

INTRODUCTION  2-3 

Interference  Control  Philosophy  2-3 

Interference  Reduction  Design  Techniques  2-3 

GROUNDING  2-5 

General  2-5 

Distribution  of  Chassis  Potential  2-9 

Shields  2-11 

Circuit  Grounding  2-14 

Po'.wr  Supplies  2-15 

BONDING  2-19 

Genera)  2-19 

Theoretical  Discussion  2-19 

Typas  of  Bonds  2-22 

Bonding  Metal  Selection  and  Bond-Strap  Finishes  2-26 

Bonding  App I (cations  2-29 

SHIELDING  2-38 

Genaral  2-38 

Shielding  Effectiveness  2-38 

Case  and  Front  Panel  Oesign  2-42 

Shielding  Design  Fundamentals  2-44 

Multiple  Shielding  2-77 

Corrosion  Protection  2-84 


TABLE  OF  CONTENTS  (Continued) 


VOLUME  I 


Section 


V 


VI 


Pare. 

Title 

Psge 

2-19 

Enclosure  Seam  Design 

2-87 

2-20 

Apertures 

2-92 

2-21 

Fasteners 

2—  1 29 

2-22 

Conductive  Gaskets 

2-133 

2-23 

Special  Shielding  Techniques 

2~)  56 

CABLING 

2-17* 

2-24 

General 

2-176 

2-25 

Cable  Shielding 

2-176 

2-26 

Cable  Types 

2-i ;; 

2-27 

Frequently  Used  Cables 

2-178 

2-28 

Cable  Connectors 

2-182 

2-29 

Cable  Appl (cation 

2-ie2 

2-30 

Cable-Shield  Grounding 

2-186 

2-31 

Cable-Shield  Bonding 

2-193 

2-32 

Cable  Routing 

2-199 

2-33 

Waveguides 

2-215 

EQUIPMENT  MOUNTING 

2-218 

2-34 

General 

2-218 

2-35 

Rack  Bonding 

2-218 

2-36 

Cabinet  Shielding  and  Equipment  Location 

2-221 

vltl 


TABLE  OF  CONTENTS  (Continued) 


VOLUME  I  I 

CHAPTER  3-  CIRCUIT  DESIGN 


Section 

Para. 

Title 

Page 

! 

INTERFERENCE  IN  COMPONENTS 

3-3 

3-i 

General 

3-3 

3-2 

Thyratrons 

3-3 

3-3 

VHF  and  UHF  Vacuum  Tubes 

3-8 

3-4 

Microwave  Tubes 

3-23 

3-5 

Semiconductor  Devices 

3-55 

1 1 

FILTERS,  CAPACITORS,  AND  INDUCTORS 

3-8$ 

3-6 

Fi 1 ters 

3-89 

3-7 

Filter  Characteristics 

3-93 

3-8 

Lossy  Transmission  Line  Filter 

3-99 

3-9 

hicrowave  Filters  and  Matching  Networks 

3-102 

3-10 

Waveguide  Filters 

3-106 

3-11 

Filter  Installation  and  Mounting  Techniques 

'-115 

3-12 

Capacitor  Selection 

3-123 

3-13 

Inductors 

3-140 

3-14 

Fareday  Shields  in  Low-Level  Transformer  Design 

3-146 

in 

POWER  SUPPLIES 

3-153 

3-15 

General 

3-153 

3-16 

C I rcu i t  P  ann i ng 

3-153 

3-17 

Supply  Cl  cuitry 

3-158 

IV 

CONTROL  CIRCUITRY 

3-159 

3-16 

General 

3-159 

3-19 

Over-All  Interference  Reduction  In  Switch 

Ci  rcui try 

3-159 

3-20 

Interference  Reduction  Component  Characteristics 

ix 

3-163 

TTT  TABLE  OF  CONTENTS  (Continued) 


VOLUME  1 1 


Section 


V 


VI 


Pare. 

Title 

£•32. 

3-21 

Interference  Reduction  Circuits 

3-171 

3-22 

Electron  Tube  Control  Circuits 

3-189 

3-23 

Magnetic  Amp 1 1 f iers 

3-189 

3-24 

Transistor  Switching  Circuits 

3-191 

3-25 

Fi Itering 

3-193 

RECEIVERS 

3-198 

3-26 

General 

3-198 

3-27 

General  Interference  Reduction  Methods 

3-203 

3-28 

Intermodulation 

3-216 

3-29 

Cross  Modulation 

3-221 

3-30 

Othar  Spurious  Responses 

3-222 

3-31 

Image  Response 

3-227 

3-32 

Oscillators  and  Mixers 

3-231 

3-33 

Adjacent  Channel  Interference 

3-245 

3-34 

Desensitlzatlon  Interference 

3-246 

3-35 

Heterodyne  Interference 

3-248 

3-36 

IF  Rejection 

3-248 

3-37 

The  Receiver  as  an  Interfarence  Source 

3-249 

3-38 

PRF  Discrimination 

3-260 

3-39 

Instantanaous  Automatic  Gain  Control 

3-269 

3-40 

Llml tars 

3-272 

TRANSMITTERS 

3-278 

3-41 

Ganaral 

3-278 

3-42 

Transmitter  Interference 

3-278 

3-  43 

Transmitter  Interference  Reduction 

3-288 

x 


TABLE  OF  CONTENTS  (Continued) 

muflfc  II 


jretiop 

pjh. 

mu 

P£S£ 

VII 

ANTENNAS 

3-312 

3-44 

General 

3-312 

3-45 

Types  of  Antennas 

3-312 

3-46 

Control  Techniques 

3-314 

VIII 

COMPUTERS 

3-317 

3-47 

Genera) 

3-317 

3-48 

Digit?1  Computing  Equipment 

3-317 

3-49 

Analog  Computing  Equipment 

3-317 

3-50 

Interference  Sources 

3-318 

3-51 

System  Nodes 

3-319 

IX 

MICROMINIATURIZATION 

3-327 

3-52 

Introduction 

3-327 

3-53 

Basic  Miniaturised  Components 

3-327 

3-54 

Miniaturised  Circuit  Formulation 

3-331 

3-55 

Miniaturised  Circuitry 

3-337 

3-56 

Ceramic-Filter  Application 

3-340 

X 

ELECTRICAL  MACHINERY 

3-343 

3-57 

General 

3-343 

3-58 

Brushes 

3-343 

3-59 

0C  Motors  and  Generators 

3-344 

3-60 

Alternators  and  Synchronous  Motors 

3-351 

3-tt 

Portable  Fractional •Horsepower  Machines 

3-357 

3-62 

Specie.  Purpose  Machines 

3-358 

3-63 

Summary  of  Interference-Reduction  Oeslgn 
Techniques  for  Rotating  Machinery 

3-361 

BIBLIOGRAPHY  4-1 


5-1 


x! 


INDEX 


vours  s 


Ilsurs.  ILiii  !!» 

1*1  Interference  Signals  1-7 

1*2  Square- Wav*  Formation  I-* 

1-3  Harmonics  Contained  In  a  Peak  Wave  1-10 

1-4  Fourier  Analysis  of  a  Repetitive  Rectangular  Pulse  1-11 

1-5  A  Plot  of  Harmonic  Frequency  Versus  Harmonic  Amplitude  1-11 

for  the  Pulse  Shown  on  Figure  1-4 

1-6  Doubling  the  Pulse  Repetition  Rat*  of  Figure  1-5  Plot  1-12 

(Spacing  Between  Harmonics  Doubled  and  Amplitude  of 
Harmonics  Increased) 

1-7  Amplitude  Curves  for  Various  Waveforms  1-12 

1-8  Interference  level  for  a  I  Volt,  1  psec  Rectangular  1-13 

Pulse 

1-9  Interference  Level  for  a  I  Volt,  I  issec  Trapezoidal  1-14 

Pulse 

1-10  Trapezoldel  Pulse  Interference  1-16 

l-ll  Interference  Levels  for  Trapezoidal  Pulses  1-17 

1-12  Interference  Levels  for  light  Common  Pulses  1-18 

1-13  Interference  Levels  for  Various  Pulse  Shapes  1-19 

1-14  Interference  Power  Versus  Frequency  for  Various  1-22 

Sources 

1-15  Corona  Level,  ,*1  ana- to- Corner  Configuration  t-35 

1-1$  Corona  Level,  Plane-to-Cyl Inder  Configuration  1-3$ 

1-17  Plane-to-Plane  Relationship  1-37 

i-t8  Plane-to-Spher*  Relationship  1-38 

1-19  Three  Baste  Components  of  an  Interference-Susceptl-  1-43 

blllty  Situation 

1-20  Propagation  of  Conducted  and  Radiated  Interference  1-46 

1-21  Interference  Coupling  by  Conductor  1-48 

1-22  RF  Attenuation  vs  Frequency  for  AL  Chassis  1/16  to  1-53 

1/4  Inch  Thick 

1-23  Radiated  Interference  Analysis  -320  Volt  Square  Wave  1-54 

1-24  Conducted  Interference  Analysis  -320  Volt  Square  Wav*  1-55 


xii 


LIST  OF  ILLUSTRATIONS  (Continued) 


VOLUME  1 

Flqure 

Title 

Page 

1-25 

Shielding  Effectiveness  vs.  Screw  Spacing 

1-57 

1-26 

Nerrow-Bend  Redieted  Interference 

1-67 

1-27 

Broedbend  Redieted  Interference 

1-68 

1-28 

Nerrow-Bend  Conductive  Interference 

1-69 

1-29 

RFI  Reduction  -320  Volt,  400  CPS  Square  Wave,  0.125  A1. 
Chassis 

1-71 

1-30 

RFI  Reduction  -320  Volt,  400  CPS  Square  Wave,  Shielded 
Cable 

1-73 

1-31 

RF  Attenuation  vs.  Frequency,  A1  Chassis  .090  In.  Thick 

1-74 

1-32 

Shielding  Effectiveness  vs.  Screw  Spacing 

1-76 

1-33 

Flectromagnetic  Compatibility  Test  Plan  Cover  Sheet 

1-87 

1-34 

Equipment  List 

1-102 

1-35 

Susceptibility  Data  Sheet 

1-103 

1-36 

Interference  Data  Sheet 

1-104 

2-1 

Ground  Systems 

2-7 

2-2 

Ground  Lug  Connection  and  Equivalent  Circuit 

2-9 

2-3 

Grounding  Methods 

2-10 

2-4 

Typical  Ground  Potential  Graph  at  a  Specific  Frequency 

2-11 

2-5 

Single-Point  Ground  Bus  Arrengement 

2-12 

2-6 

Direct  Use  of  Chassis  for  Good  Ground 

2-14 

2-7 

Example  of  Interclrcult  Coupling 

2-18 

2-8 

Effect  of  Circulating  Currents  on  a  Typical  Circuit 

2-17 

2-9 

Isolation  Transformer  Technique  for  Minimizing  Ground 
Potential 

2-17 

2-10 

Equivalent  Circuit  of  Ground  Noise  in  Electronically 
Coupled  Circuits 

2-18 

2-11 

Electronically  Coupled  Circuit  with  Ground  Noise 

2-18 

2-12 

Bonding  Strap  Impedance  Characteristics 

2-20 

2-13 

Recommended  Bond  Strap  Bolting  Installation 

2-23 

2-14 

Exploded  View,  Individual  Strands  of  Braided  Cable 

2-24 

xi  i  I 


LIST  OF  ILLUSTRATIONS  (Continued) 
VOLUME  I 


Figure 

Tide 

Page 

2H5 

Impedances  of  Bond-Straps  and  No.  12  AWG  Wire 

2-25 

2-16 

Typical  Shock  Mount  Bond 

2-31 

2-17 

Bonded  Engine  Shock  Mount  -  Front 

2-32 

2-18 

Bonded  Engine  Shock  Mount  -  Rear 

2-33 

2-19 

Cable  and  Conduit  Bonding 

2-34 

2-20 

Bonding  of  Hinges 

2-35 

2-21 

Cable  Tray  Section  Bonding 

2-35 

2-22 

Equipment  Cabinets  Bonded  to  Cable  Tray 

2-36 

2-23 

Metal  Shielding  Effectiveness 

2-40 

2-24 

Shielding  Effectiveness  in  Electric,  Magnetic  and 
Plane  Wave  Fields  of  Solid  Copper  and  Iron  Shields 
(for  Signal  Source  12  Inches  from  Shield  at  100  CPS 
to  10  KMC) 

2-57 

2-25 

Absorption  Loss  for  Copper  and  Iron,  0B  Per  Mi! 

2-58 

2-26 

Shielding  Effectiveness  in  Electric,  Magnetic  and 
Plane  Wave  Fields  of  Copper  Shield  (7  Mil  Thickness) 
for  Signal  Sourcas  165  Feet  from  the  Shield 

2-61 

2-27 

Shielding  Effactlvaness  In  Electric,  Magnetic  and 
Plana  Wave  Fields  of  Steel  Shield  (1  Mil  Thickness) 
for  Signal  Sourcas  165  Feet  from  the  Shield 

2-62 

2-28 

Shielding  Effectiveness  In  Electric,  Magnetic  and 
Plana  Wave  Fields  of  Steel  Shield  (50  Mil  Thickness) 
for  Signal  Sourcas  165  Feet  from  the  Shield 

2-63 

2-29 

Total  Reflection  Loss  at  Both  Surfaces  of  a  Solid 
Steal  Shield 

2-70 

2-30 

Total  Reflection  Loss  at  Both  Surfaces  of  a  Solid 
Copper  Shield 

2-71 

2-31 

Absorption  Loss  for  Steel  and  Copper  Shields  at  30 

CPS  to  10,000  MC 

2-73 

2-32 

Multiple  Shielding  Applications 

2-78 

2-33 

Shielding  for  Transmission  Cable 

2-81 

2-34 

Values  of  Equivalent  Series  R F  Resistance  of 
llncoated  Aluminum  Sections  Before  and  After  64-Hour 
Salt  Spray  Test 

2-89 

xi  v 


LIST  OF  ILLUSTRATIONS  (Continued) 


VOLUME  I 


iqure 

Title 

Fa^e 

2-35 

Values  of  Equivalent  Series  RF  Resistance  of 
Chromate-Treated  Aluminum  Sections  Before  and 

After  64-Hour  Salt  Spary  Test 

2-89 

2-36 

Seam  Design  for  Minimum  Interference 

2-90 

2-37 

Vertical  Expansion  Joint,  an  Example  of  a  Complex 

Seam 

2-91 

2-38 

Currents  induced  on  Perforated  Metal  Sheet 

2-100 

2-39 

Air  Impedance  of  Perforated  Metal  and  Honeycomb 

2-102 

2-40 

Air  Impedance  of  Copper  and  Nickel  Mesh 

2-102 

2-41 

Honeycomb  Type  Ventilation  Panel 

2-103 

2-42 

Typical  Welded  Screen  Installation  Over  a 

Ventilation  Aperture 

2-105 

2-43 

Typical  Clamped  Screen  Installation  Over  a 

Ventilation  Aperture 

2-105 

2-44 

Shielding  Effectiveness  of  Various  Copper  Screens 

2-106 

2-45 

Shielding  Effectiveness  of  Various  Galvanized  Steel 

Scr  ens 

2-107 

2-46 

Comparison  of  the  Shielding  Effectiveness  of  Single 
and  Double  18  Mesh  Copper  Screening 

2-108 

2-47 

Comparison  of  the  Shielding  Effectiveness  of  Single 
and  Double  40  Mash  Coppar  Screening 

2-109 

2-48 

Comparison  of  the  Shielding  Effectiveness  of  Single 
and  Double  69  Mash  Coppar  Screening 

2-110 

2-49 

Comparison  of  the  Shielding  Effectiveness  of  Single 
and  Double  8  Mesh  Galvanized  Steel  Screening 

2-111 

2-50 

Attenuation  Versus  Frequency  Curves  for  Various 

Screens 

2-114 

2-51 

Attenuation  Versus  Frequency  Curves  for  Various 

Screens  and  Honeycomb 

2-115 

2-52 

Minimum  Shielding  Effectiveness  of  Copper  Jind  Bronze 
Screening  in  a  Magnetic  Field 

2-121 

2-53 

Minimum  Shielding  Effectiveness  of  Steel  Screening  in 
a  Magnetic  Field 

2-122 

2-54 

A ttenuat i on-Rec tangu 1 ar  Wavegu i de 

2-126 

xv 


LIST  OF  ILLUSTRATIONS  (Continued) 


VOLUME  1 

Fiqure 

Title 

Page 

2-55 

Attenuetion-Ci rculer  Waveguide 

2-127 

2-56 

Tube  Acting  as  Waveguide  Attenuator 

2-130 

2-57 

Shaft  Feedthrough  Techniques 

2-130 

2-58 

Buckling  Between  Fasteners  with  Thin  Material 

2-131 

2-59 

Seam  Treatment  with  Mesh  Gaskets 

2-132 

2-60 

Improper  Gasket  Application 

2-134 

2-61 

Flat-Flange  Type  Joint 

2-135 

2-62 

Flat-Flange  Type  Joint  with  Groove  Gasket 

2-135 

2-63 

Typical  Groove  Type  Gasket  Applications 

2-137 

2-64 

Typical  Conductive  Gasket  Applications 

2-137 

2-65 

Typical  Gasket  Mounting  Methods 

2-138 

2-66 

Typical  Electrical  Weatherstripping  Appl ications 

2-139 

2-67 

Gasket  Compressibility  Versus  Sealability 

2-141 

2-68 

Gasket  A  In  Simulated  Joint 

2-142 

2-69 

Gasket  B  in  Simulated  Joint 

2-142 

2-70 

Gesket  C  in  Stmuleted  Joint 

2-142 

2-71 

Typicel  Conductive  Gasketing  Problem 

2-144 

2-72 

Pressurized  Conductive  Gesket  Application 

2-145 

2-73 

Main-Tight  Conductive  Gasket  Seal 

2-145 

2-74 

Insertion  Loss  vs.  Pressure  for  Mesilient  Metal 

Gasket 

2-147 

2-75 

Technique  for  Measurement  of  Insertion  Loss  of 
Mesilient  Metal  Gasket 

2-148 

2-76 

Interference  Gasket  of  the  Armour  Research  Type 

2-152 

2-77 

Metal-to-Metal  Contact  Techniques  of  Cover  and  Case 
for  Interference  Shields 

2-153 

2-78 

Starter  Type  Fluorescent  Lamp  Suppressor 

2-158 

2-79 

Starterless  Fluorescent  Lamp  Suppressors 

2-158 

2-80 

Effect  of  Joint  Orientation  on  Flux  Paths 

2-162 

2-81 

Shield  Economies 

2-163 

CZ7 

Fiqu re 

2-82 

2-83 

C3) 

2-84 

zao 

2-85 

r  l 

2-86 

2-87 

=5 

2-88 

r  7 

2-89 

r  7 

2-90 

2-9? 

►9 

2-92 

r  l 

2-93 

2 

2-94 

2-95 

■—4 

2-96 

5 

1-5 

2-97 

2-98 

:  -7 

fc  -  8 

2-99 

2-100 

2-101 

:  -2 

2-102 

2-103 

:  -3 

2-104 

i  —8 

2-105 

l  -8 

2-106 

2 

• 

* 

LIST  OF  ILLUSTRATIONS  (Continued) 

VOLUME  I 

Ti tie  f»qe 

Meter  Shielding  and  Isolation  2-166 

Treatment  of  Cathode  Ray  Tubs  Openings  2-169 

Magnetic  and  Electrostatic  Cable  Shielding  2-171 

Typical  Conductive  Caulking  Applications  2-174 

Connector  with  Shielding  Sheil  Enclosure  for  2-187 

Connecting  Points 

Power  Frequencies  Coupled  Into  Low-Levei  Circuit  2-189 

Using  Multipoint  Shield  Grounds 

Reduction  of  Signal  and  Power  Frequency  Coupling  by  2-189 
Shielded,  Twisted-Pair  Cable 

Incorrect  Mathod  of  Introducing  Shielded  Cable  2-190 

Correct  Method  of  Introducing  Shielded  Cable  2-190 

Continuous  Equipment  Enclosure  Shield  2-191 

Cable  Shield  Bonding  2-194 

Poor  Cable  Bonding  2-195 

Bonding  Ring  or  Halo  at  Connector  for  Terminating  2-196 

Shields  in  a  Harness 

Typical  Bonding  Halo  Appl (cations  2-197 

Interlacing  Technique  2-196 

Triaxlal  Cable  Appi (cation  2-199 

Typical  Cab 1 1 ng  Methods  2-201 

Magnetic  Coupling  2-204 

Capaci tively-Coupled  Circuits  2-206 

Equivalent  Circuit  for  Derivation  of  Coupled  Signal  2-208 
Coupling  Signal  Resulting  from  Step  Voltage  2-208 

Cable  Circuit  Configurations  2-210 

Dimensions  of  Flat-Conductor  Flexible  Cable  2-210 

Cabinet  Bonding  Modifications  2-21 9 

Typical  Cabinet  Bonding  Arrangements  2-220 


xvi  i 


LIST  OF  ILLUSTRATIONS  (Continued) 


VOLUME  1 1 


Fiqure 

Title 

Z23SL 

3-1 

Graph  of  Thyratron  Plate  Current  and  Voltage  versus 
Time 

3-5 

3-2 

Method  of  Installing  Bulkhead  Filters 

3-5 

3-3 

Grid  Spike  on  Thyratron 

3-7 

3-4 

Low-Pass  Filter  to  Eliminate  Voltage  Spikes 

3-7 

3-5 

Noise  Effects  in  Space-Charge- Lim i t-ed  Diode 

3-14 

3-6 

Triode  Noise  Calculations 

3-15 

3-7 

Minimum  Noise  Figure  and  Optimum  Source  Impedance 
for  Severs  *  Tubes 

3-20 

3-8 

Interference  Reduction  Designed  Tube  Installation 

3-22 

3-9 

Variation  of  Electric  Field  Intensity  as  a  Function 
of  Distance  from  Top  to  Bottom  of  Cavity 

3-24 

3-10 

Evolution  of  Equivalent  Circuit  for  Magnetron 

3-26 

3-n 

Strapping  In  a  Magnetron  Tube 

3-28 

3-12 

Magnetron  Voltage  versus  Current  (Not  to  Scaie) 

3-29 

3-13 

Typical  Frequency  Spectrum  of  Signals  Generated 
by  a  Magnetron  Oscillator 

3-30 

3-i4 

Velocities  end  Space  Charge  Density  versus  Axial 
Distance  Along  Klystron  Drift  Region  for  a  Rel¬ 
atively  Thin  Deem 

3-33 

3-15 

Typical  Frequency  Spectrum  of  Signals  Generated  by 
Klystron  Transmitter  System  with  Single  Frequency 
Driving  Source 

3-37 

3-16 

Klystron  Interference  Reduction 

3-37 

3-17 

Total  Peak  Powar  Output  of  Klystron  at  Second 

Harmonic  as  a  Function  of  Beam  Voltage 

3-39 

3-1* 

Total  Peak  Powar  Output  of  Klystron  at  Second 

Harmonic  for  Various  Fundamental  Output  Frequencies 

3-39 

3-19 

Summary  Chart,  Klystron  Second  Harmonic  Investigation 

3-40 

3-20 

Frequency  (u>)  versus  Delay  Per  Unit  Length  (3)  for 
a  Traveling-Wave  Tube 

3-43 

3-21 

Phase  Shift  (6)  versus  Frequency  (cu)  for  a  Traveling- 
Wave  Tube 

3-43 

3-22 

Section  of  Lumped  Constant  Band-Pass  Filter  with  Plot 
of  Phase  Characteristic 

3-44 

xvili 


LIST  OF  ILLUSTRATIONS  (Continued) 


VOLUME  1 1 


Fi  qure 

Title 

Page 

3-23 

TWT  with  Band-Pass  Delay  Line  Coupled  Periodically 
to  Electron  Beam 

3-44 

3-24 

Diagram  Illustrating  Various  Operating  Voltage 

Condi tions  in  a  TWT 

3-45 

3-25 

Impedance  versus  Frequency  for  TVT  Delay  Line 

3-45 

3-26 

Output  Characteristics  of  a  TWT  Amplifier 

3-48 

3-27 

Protective  Circuits  and  Receiver  Front  End 

3-50 

3-28 

RF  Stages  of  Receiver 

3-51 

3-29 

Waffle-Iron  Waveguide  Filter 

3-53 

3-30 

Characteristics  of  Waffle-Iron  Waveguide  Filter 

3-53 

3-31 

QK-338  Magnetron  Modified  with  Harmonic  Filter  Trans¬ 
former  Section 

3-54 

3-32 

Thermistor  Characteristics,  Positive  Temperature 
Coefficient  Type  802-5 

3-56 

3-33 

Arc  Interference  Reduction  Using  a  Thermistor 

3-56 

3-34 

Transistor  Voltage  Suppression  Using  a  Thermistor 

3-58 

3-35 

Transistor  Switching  Characteristics 

3-58 

3-36 

Transistor  Noise  Model,  IKC  <f  <f 

3-61 

3-37 

Transistor  Noise  Figure  vs.  Frequency 

3-63 

3-38 

Typical  Dependence  of  Transistor  Noise  Figure  on 
Source  Generator  Resistance  at  Fixed  Frequency 
and  Operating  Point 

3-64 

3-39 

Typical  Dependence  of  Transistor  Noise  Figure  on 
Emitter  Current 

3-66 

3-40 

Typical  Dependence  of  Transistor  Noise  Figure  on 
Collector  Voltage 

3-67 

3-41 

100%  Modulated  Interfering  Signal  Necessary  to 

Produce  a  Cross  Modulation  Index  of  1% 

3-70 

3-42 

100%  Modulated  Interfering  Voltage  Necessary  to 
Produce  1%  Cross  Modulation  Index  at  1  kc  for 
an  Alloy  Junction  Transistor 

3-71 

3-43 

100%  Modulated  Interfering  Voltage  Necessary  to 

Produce  1%  Modulation  Index  Measured  at  1  kc  for 
a  Drift  Transistor 

3-72 

xix 


LIST  OF  ILLUSTRATIONS  (Continued) 
VOLUME  1 1 


Figure 

Title 

Page 

3-44 

Interference  Reduction  of  Diode  Rectifier  Circuits 
with  Series  Inductance  and  Shunt  Capacitor 

3-74 

3-45 

Interference  Reduction  of  Diode  Rectifier  Circuits 
with  Power  Line  Filter,  Limiting  Resistor  and 

Capaci tors 

3-75 

3-46 

Current  and  Voltage  Characteristics  for  a  Typical 
Zener  Diode  Regulator 

3-77 

3-47 

Interference  Reduction  Circuits  Utilizing  Zener 

Diodes 

3-79 

3-48 

Wafer  Interconnection  with  Transmission  Lines 

3-81 

3-49 

Conducted  Interference  Suppression  with  RF  Ground 
Inaccessible 

3-83 

3-50 

Conducted  Interference  Suppression  with  RF  Ground 
Access  1 ble 

3-83 

3-51 

Circuits  for  Decoupling  of  Unijunction  Transistor 
from  Voitage  Transients 

3-87 

3-52 

Filter  Attenuation  -  Frequency 

3-90 

3-53 

General  Types  of  Filter  Networks 

3-91 

3-54 

Representative  Low-Pass  Filters 

3-92 

3-55 

Attenuation  vs.  Frequency  for  a  Power  Line  Filter 

3-94 

3-56 

Lossy  Ferrite  Tube  Filter  Insertion  Characteristics 

3-101 

3-57 

Strip  Transmission  Line  Construction 

3-103 

3-58 

Shorted  Shunt  Line  Construction 

3-103 

3-59 

Symmetrical  T-Section  Filter  end  Equivalent  Network 

3-104 

3-60 

Low-Pass  Filter  and  Equivalent  Network 

3-105 

3-61 

Linear  Taper  Matching  of  Strip  Lines 

3-107 

3-62 

Attenuation  of  a  Circular  Waveguide  for  TEjj  Mode 

3-109 

3-63 

Attenuation  of  a  Rectangular  Waveguide  for  TE.q 

Mode 

3-110 

3-64 

Septum  Section 

3-112 

3-65 

Rod  and  Bullet  Septa 

3-113 

3-66 

Tuned  Cavity  Section 

3-113 

xx 


LIST  OF  ILLUSTRATIONS  (Continued) 
VOLUME  1 1 


Fiqure 

Title 

*231 

3-67 

Narrow  Wall  Mode  Absorber  Strips 

3-114 

3-68 

Effect  of  a  Poor  RF  Ground  Bond  on  Filter 

Effecti veness 

3-117 

3-69 

Typical  Filter  Mounting  Techniques 

3-119 

3-70 

Filter  Installation 

3-120 

3-71 

Incorrect  Filter  Mounting  Methods 

3-121 

3-72 

Installation  of  Power  Line  Filters 

3-122 

3-73 

Typical  Method  for  Mounting  Filter  Case 

3-121; 

3-/4 

Feed-Through  Capacitor  Shield  Assembly 

3-125 

3-75 

Inductance  versus  Length  of  Straight  Round  Wires 

3-126 

3-76 

Reactance  versus  Frequency  for  Various  Lossless 

L  and  C  Elements 

3-126 

3-77 

Typical  Bypass  Capacitor  Construction  with  Equivalent 
Ci  rcui  t 

3-129 

3-78 

Resonant  Frequency  as  a  Function  of  Lead  Length  for 
Paper  Tubular  Capacitors 

3-131 

3-79 

Resonant  Frequency  as  a  Function  of  Lead  Length  for 
Mica  Capacitors 

3-132 

3-80 

Resonant  Frequency  as  a  Function  of  Lead  Length  for 
Disc  Ceramic  Capacitors 

3-133 

Va> 

1 

00 

Resonant  Frequency  as  a  Function  of  Lead  Length  for 
Standoff  Type  Ceramic  Capacitors 

3-134 

3-82 

Insertion  Loss  Comparing  Idea),  Feed-Through  and 
Lead-Type  Capacitors  for  a  50-Ohm  System 

3-135 

3-83 

Typical  Feed-Through  Capacitor  Construction  and 
Equivalent  Circuit 

3-137 

3-84 

Typical  Ideal  Insertion  Losses  of  Feed-Through 
Capacitors  in  a  50-Ohm  Line 

3-139 

3-85 

Typical  Coil  Configurations 

3-142 

3-36 

Equivalent  Circuit  of  an  Inductance  Coil 

3-143 

3-87 

Nomograph  for  Determining  the  '  'tributed  Capaci¬ 
tance  of  Single-Layer  Coils 

3-1 '+4 

LIST  OF  ILLUSTRATIONS  (Continued) 


VOLUME  1 1 

F i qu  re  Title  Page 

3-88  Toroid  of  Rectangular  Cross-Section  3-146 

3-89  Toroid  of  Round  Cross-Section  3-146 

3-90  Incremental  Permeability  as  a  Function  of  Magnetic  3-147 

Field  Intensity  (200  kc  for  each  Q) 

3-91  Test  Circuit  for  Measuring  Leakage  Between  Primary  3-150 

and  Secondary  in  a  Box-Shielded  Transformer 

3-92  Standard  Transformer  with  One  Faraday  Shield  3-15’ 

3-93  Double  Faraday  Box-Shielded  Power  fr-nsformer  3-151 

3-94  Guard  Shield  on  Power  Transformer  3-151 

3-95  Mutual  Interference  Coup  1  ing  3-154 

3-96  Power  Supply  Filtering  3-156 

3-97  Power  Supply  Isolation  3-157 

3-98  Summary  of  Switching  Interference  Phenomena  3-161 

3-99  DC  Switching  Interference  Reduction  by  Load-shunt  3-it2 

Diode 

3-100  DC  Switching  Interference  Reduction  by  Switch-Shunt  3-168 

Diode 

3-101  AC  Switching  Interference  Reduction  by  Two  Diodes  3-168 

3-102  Methods  of  Connecting  Diodes  and  Varistors  3-170 

3-103  Series  Capacitor  and  Resistor  Circuit  to  Reduce  3-173 

Contact  Erosion 

3-104  Interference  Reduction  by  Series  Capacitor  and  Non-  3-173 

Linear  Resistance 

3-105  Interference  Reduction  by  Series  Resistance  and  3-173 

Parallel  Capacitance 

3-106  Paral lel-Swt tch  Ci rcui t  3-175 

3-107  Waveforms  for  Paral lei-Swl tch  Ci rcui t  3-175 

3-108  Interference  Reduction  by  Coupled  Coils  3-176 

3-109  Interference  Reduction  by  Coupled  Coil  with  Diode  3-178 

3-110  Interference  Reduction  Circuits  Employing  Bias  3*180 

Batteries 


LIST  OF  ILLUSTRATIONS  (Continued) 


Figure 


3- 

111 

3- 

1)2 

3- 

113 

3- 

1 14 

3- 

115 

3- 

116 

3- 

117 

3- 

118 

3- 

119 

3- 

120 

3- 

121 

3- 

122 

3- 

123 

3- 

124 

3- 

125 

3- 

126 

3- 

127 

3- 

128 

3- 

129 

3- 

130 

3- 

131 

3- 

132 

3- 

133 

3- 

134 

3- 

135 

3- 

136 

VOLUME  I  I 
Title 

Basic  Circuit  Employing  Bias  Battery 

Equivalent  Circuit  and  Plot  of  Current  Decay 

Current  Decay  Time  vs.  Bias  Voltage 

Enargy  Absorbed  in  Bias  Battery  vs.  N 

Composite  Interference  Reduction  Components 

Transistorized  Control  Circuits  Designed  for  Inter¬ 
ference  Reduction 

Switch  Filter  Networks 

Composite  Interference  Reduction  Filter 

Interference  Filter  in  Shielded  Enclosures 

Double-Pi  Filter 

Application  of  Filtering  and  Shielding 
RFI  Paths  Into  Receiver 
Basic  RFI  Suppression  of  Receiver 
Receiver  RFI  Suppression 

Module  Base  with  Feedthrough  Components  Mounted 
in  a  "Dog-House"  Enclosure 

Typical  Example  of  Poorly  Designed  VHF  Receiver 
RF  Section 

Superheterodyne  Mixer 

Ideal  Tuned  Circuit  Attenuation 

UHF  Gain  and  Intermodulation  Rejection  Character¬ 
istics  for  6J4  Triodes 

Potential  Sources  of  Narrow-Band  Interference 
Typical  Bandpass  Curves 
I mage- Frequency  Interference 
Image  Frequency  Response  in  a  Converter 
Theoretical  Spurious  Response,  Type  A,  IF  •  455  KC 

Theoretical  Spurious  Response,  Type  B,  IF  »  455  KC 

Theoretical  Spurious  Response,  Type  C,  IF  -  455  KC 


pSflS 

3-181 

3-181 

3-183 

3-183 

3-136 

3-192 

3-194 
3-195 
3-195 
3-196 
3- <97 
3-200 
3-201 
3-207 
3-210 

3-213 

3-215 

3-217 

3-220 

3-223 

3-225 

3-228 

3-229 

3-234 

3-235 

3-236 


xx  i  i  i 


LIST  OF  ILLUSTRATIONS  (Continued) 


VOLUME  1 1 


Fi  qure 

Title 

Pige 

3-137 

Theoretical  Spurious  Response,  Type  A,  IF  ■  10. 7  MC 

3-237 

3-138 

Theoretical  Spurious  Response,  Type  B,  IF  ■  10.7  MC 

3-238 

3-139 

Theoretical  Spurious  Response,  Type  C,  IF  -  10.7  MC 

3-239 

3-  l40 

Theoretical  Spurious  Response,  Type  A,  IF  ■  30  MC 

3-240 

3-141 

Theoretical  Spurious  Response,  Type  B,  IF  ■  30  MC 

3-241 

3-142 

Theoretical  Spurious  Response,  Type  C,  IF  -  30  MC 

3-242 

3-143 

Typical  VHF  Rereiver  Design  to  Minimize  L0  Inte;- 
ference  and  Spurious  Responses 

3-256 

3-144 

Typ i ca 1  IF  Decoup  1 i ng 

3-258 

3-145 

Typical  Alternate  IF  Decoupling 

3-258 

3-146 

Running-Rabbit  Patterns 

3-260 

3-147 

Simplified  Block  Diagram  of  a  PRF  Discriminator 
Circuit 

3-261 

3-148 

Simplified  Video  Integration  Block  Diagram 

3-263 

3-149 

Block  Diagram  of  Integrator  Type  Pulse-Width 
Discriminator 

3-266 

3-150 

Delay  Lina  Pulse-Width  Discriminator 

3-267 

3-151 

Waveforms  for  Pulse-Width  Discriminator 

3-268 

3-152 

Waveforms  of  Signal  Plus  Interference 

3-271 

3-153 

Basic  Series  Limiter 

3-274 

3-154 

Modification  of  Basic  Series  Limiter 

3-274 

3-155 

Low-Loss  Modification  of  Basic  Saries  L’mlter 

3-276 

3-156 

Transmittar  Coupling  Attanuation 

3-288 

3-157 

Double-Tuned  Tank  Circuit 

3-291 

3-158 

Approximation  of  Clipped  Sinjsoldal  Tone  by 

Trapezoid  Waveform 

3-306 

3-159 

System  Nodes  and  Reference  Node  -  Operational 

Anpl  i f  ier 

3-321 

3-160 

System  Nodes  and  Reference  Node  -  Potent iometric 

Ampl i f ier 

3-323 

xxl  v 


LIST  OF  ILLUSTRATIONS  (Continued) 


VOLUME  1 1 


Figure 

Title 

Pase 

3-161 

Power  Supply  Connections  for  Three-Terminal  and 
Four-Terminal  Amplifiers 

3-326 

3-162 

Semiconductor  Resistors  for  Microminiaturized 

C i rcu i t  Des i gn 

3-329 

3-163 

Distributed  RC  Network  with  Equivalent  Circuit 

3-330 

3-164 

Sixteen  Evaporated  Layers  Forming  a  Typical  Digital 

C i rcu  i  t 

3-333 

3-165 

Typical  Semiconductor  Solid-State  NOR  Circuit 

3-334 

3-166 

Typical  Semiconductor  Solid-State  Flip-Flop 

3-336 

3-167 

Typical  IF  Strip  Module  Construction 

3-338 

3-168 

Typical  Four-Stage  IF  Module  Construction 

3-339 

3-169 

Shield  Planes  for  Distribution  of  DC  Potentials 
to  Individual  Subassembly  Modules 

3-341 

3-170 

Commutation  of  an  Armature  Coil  by  Laminated  Brushes 

3-346 

3-171 

Mounting  of  Bypass  Capacitor  at  Armature  Terminal  in 
a  DC  Generator 

3-349 

3-172 

Capacitor  Installation  at  Brushes  in  a  DC  Motor 

3-352 

3-173 

Capacitor  Installation  at  Brushes  and  Field  Leads 
in  i  DC  Motor 

3-353 

3-174 

Capacitor  Installation  In  DC  Motor 

3-354 

3-175 

Interference  Reduction  Design  Technique  for  Rotary 
Inverter 

3-359 

3-176 

Interference  Reduction  Design  Technique  for  a 

Dynamo cor 

3-360 

XXV 


LIST  OF  TABUS 
VOLUME  I 

Table  Title  Page 

1-1  Classification  of  Solar  Waves  1-24 

1-2  Typical  Man-Made  Interference  Sources  1-27 

1-3  Relationship  of  Geometry  of  Device  to  Corona  Vo.tage  1-39 

1-4  Classification  of  Interference  1-42 

1- 5  Loss  Due  to  Case  Versus  Frequency  1-65 

2- 1  Electromotive  Force  Series  of  Commonly  Used  Metals  2-27 

2-2  Metal  Connections  2-28 

2-3  Absorption  Loss  of  Solid  Copper,  Aluminum,  and  Iron  2-49 

Shields  at  60  CPS  to  10,000  MC 

2-4  Absorption  Loss  of  Metals  at  150  KC  2-50 

2-5  Reflection  Loss  in  Electric  Field  (Wave  Impedance  Much  2-52 

Greater  than  377  Ohms)  of  Solid  Copper,  Aluminum,  and 
Iron  Shlalds  for  Signal  Source  12  Inches  from  Shield 
at  60  CPS  to  10,000  MC 


2-6  Shielding  Effectiveness  in  Electric  Field  (Wave  Impedance  2-53 
Much  Greater  than  377  Ohms)  of  Solid  Copper,  Aiumi.ium,  and 
Iron  Shlalds  for  Signal  Source  12  Inches  from  the  Shield 
at  0.1$  MC  to  100  MC 

2-7  Raflactln  Loss  In  Magnetic  Field  (Wave  Impedance  Much  2-54 

Smeller  than  377  Ohms)  of  Solid  Copper,  Aluminum,  and 
Iron  Shields  for  Signal  Source  12  Inches  from  the 
Shield  at  60  CPS  to  10,000  MC 

2-8  Reflection  Loss  In  Plane  Wave  Field  (Wave  Impedance  Equal  2-55 
to  377  Ohms)  of  Solid  Copper  and  Iron  Shlalds  for  Signal 
Source  Greeter  than  2  X  from  the  Shield  at  60  CPS  to 
10,000  MC 

2-9  Shielding  Effectiveness  In  Magnetic  Field  (Wave  Impedance  2-56 
Much  Smaller  than  377  Ohms)  of  Solid  Copper,  Aluminum,  and 
Iron  Shields  for  Signal  Source  12  Inches  from  the  Shield 
at  150  KC  to  100  MC 

2-10  Shielding  Effectiveness  In  Plane  Wave  Field  (Wave  2-56 

Impedance  Equal  to  377  Ohms)  of  Solid  Copper  and  Iron 
Shields  for  Signal  Source  Greater  than  2  X  from  the 
Shield  at  150  KC  to  100  MC 


XXV I 


LIST  OF  TABLES  (Continued) 


VOLUME  1 

Table 

Title 

Page 

2-11 

6-Factors  in  Electric,  Magnetic,  and 
of  Solid  Copper  and  Iron  Shields 

Plane  Wave  Fields 

2-60 

2-12 

Shielding  Effectiveness  in  Electric, 

Magnetic,  and 

2-64 

Plane  Wave  Fields  of  Copper  Shield  (7  Mil  Thickness)  for 
Signal  Source  165  Feet  from  the  Shield  at  30  CPS  to  10 
KMC 


2-13 

Shielding  Effectiveness  in  Electric,  Magnetic,  and  Plane 
Wave  Fields  of  Steel  Shield  (1  Mil  Thickness)  for  Signal 
Source  165  Feet  from  the  Shield  at  3 '  CPS  to  10  KMC 

2-65 

2-14 

Shielding  Effectiveness  in  Electric,  Magnetic,  and  Plane 
Wave  Fields  of  Steel  Shield  (50  Mil  Thickness)  for  Signal 
Source  165  Feet  from  the  Shield  at  30  CPS  to  10  KMC 

2-66 

2-15 

Total  Reflection  Loss  in  Electric  Field  (Wave  Impedance 
Much  Greater  than  377  Ohms)  at  Both  Surfaces  of  Solid 

Steel  and  Copper  Shields 

2-67 

2-16 

Total  Reflection  Loss  in  Magnetic  Field  (Wave  Impedance 
Much  Smaller  than  377  Ohms)  at  Both  Surfaces  of  Solid 

Steel  and  Copper  Shields 

2-68 

2-17 

Total  Reflection  Loss  in  Plana  Wave  Field  (Wave  Impedance 
Equals  377  Ohms)  at  Both  Surfaces  of  Solid  Steel  and 

Copper  Shields 

2-69 

2-18 

Penetration  Loss  of  Steal  and  Copper  Shields  at  30  CPS 
to  10  KMC 

2-72 

2-19 

Calculated  B-Factors  for  Steal  and  Copper  Shields  for 
Signal  Sources  165  Faat  from  the  Shield 

2-74 

2-20 

Examples  for  Calculating  Shielding  Effectiveness  of 
Solid-Metal  Shield 

2-76 

2-21 

DC  Contect  Resistance  for  Aluminum  Test  Specimens  Before 
and  After  Salt  Spray  Exposure 

2-88 

2-22 

DC  Contact  Resistance  for  Aluminum  Test  Specimens  Under 
Different  Pressures 

2-88 

2-23 

Mesh,  Wire  and  Aperture  Sizes  for  Typical  Screening 
Materials 

2-112 

2-24 

Mesh,  Wire  and  Aperture  Sizes  for  Screening  Materials 
Tested 

2-113 

xx  vi  i 


LIST  OF  TABLES  (Continued) 


VOLUME  1 

Table 

Title 

Page 

2-25 

Character Istlcs  of  Typical  Perforated  Sheet  Stock 

2-117 

2-26 

Copper,  Bronze  and  Steel  Screening  Used  in  Magnetic 

Field  Shielding  Effectiveness  Test  Measurements 

2-123 

2-27 

Characteristics  of  Conductive  Gasketing  Materials 

2-150 

2-28 

Guide  to  Choice  of  Type  of  RF  Gasket  Based  on  Mechanical 
Su  i  tab  i  1  i  ty 

2-154 

2-29 

Gasket  Material  Characteristics 

2-156 

2-30 

Microwave  and  Optical  Properties  of  Semitransparent 
Shielding  Materials 

2-167 

2-31 

Conductive  Surface  Applications 

2-175 

2-32 

Connector  Application  Summary 

2-183 

2-33 

Wire  Twist 

2-206 

VOLUME  II 

3-1 

Nolle  Parameters  for  Various  Tubas  at  90  MC 

3-21 

3-2 

Noise  Parameters  for  Various  Tubas  at  90  MC 
(lb  -  15  MA,  AK  -  68  Ohms) 

3-21 

3-3 

Bessel  Functions  up  to  the  Seventh  Side  Current 
air  and  for  a  Modulation  Index  B  up  to  5 

3-35 

3-4 

Summary  of  Results  on  QK-338  Magnetron  and  Filter 

3-54 

3-5 

Comparison  of  Interference  Reduction  Components 

3-165 

3-6 

General  Interference  Reduction  Characteristics  of 
Components 

3-187 

3-7 

Determination  of  Component  Values 

3-188 

3-8 

Typical  Receiver  Interference  Emissions 

3-251 

3-9 

Level  of  Harmonics  Below  Carrier  for  Three  Types 
of  Tank  Circuits 

3-292 

3-10 

Types  of  Antennas 

<-313 

xxvi i I 


CHAPTER  1 

INTRODUCTION  TO  INTERFERENCE  REDUCTION  DESIGN  PRACTICE 
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Section  I.  DEFINITIONS 


1-1.  General 

The  definitions  presented  ere,  for  the  most  pert,  peculiar  tc  inter¬ 
ference  engineering.  They  aro  defined  as  they  relate  specifically  to 
the  study  of  interference  control  for  the  U,S.  Army. 

1-2.  Ambient  Interference 

Ambient  interference  is  that  level  of  interference  indicated  by  the 
interference  measuring  set  when  sited,  set  up,  tuned,  and  calibrated 
for  the  intended  interference  measurement,  with  the  equipment  under  test 
turned  off. 

1-3.  Bond 

A  bond  is  an  electrical  interconnection  made  with  a  low- resistance 
material  between  such  items  as  chassis,  metal  shield  cans,  panels,  cable 
shielding  braid,  and  othea^qui potential  points  to  eliminate  undesirable 
interaction  resulting  from  high- impedance  paths  between  them. 

1-4.  Broadband  Interference 

Broadband  Interference  Includes  impulse  noise,  thermal  noise,  shot 
noise,  and  other  nonsinusoldal  interference  whose  energy  Is  distributed 
over  a  spectrum  of  frequencies  that  is  wide  whan  compared  with  the  band¬ 
width  of  the  interference  measuring  equipment.  The  response  of  an  in¬ 
terference  measuring  set  to  broadband  interference  is  a  function  of  the 
effective  bandwidth  of  the  receiver. 

1-5.  Cross-Modulation  and  Crosstalk 

Cross-modulation  is  the  modulation  of  a  desired  signal  by  an  unde¬ 
sired  signal.  Crosstalk  is  interference  caused  by  energy  being  coupled 
from  one  circuit  to  another  by  stray  coupling. 

1-6.  Decoupling 

Decoupling  is  the  prevention  of  transfer  of  interference  energy  from 
one  circuit  to  another. 


1-3 


1-7*  Impedance  Stabilization  Network 

An  impedance  stabilization  network  provides  a  standard  line  impedance 
across  which  conducted  interference  is  measured. 

1-8.  Impul se  Noi se 

Impulse  noise  is  noise  or  interference  due  to  electrical  disturbances 
having  abrupt  changes  of  short  duration.  Interference  from  impulse 
noises  comprises  a  series  of  nonoverlapping  transient  signals. 

1-9-  Insertion  Loss 

Insertion  loss  is  the  total  reduction  in  power  delivered  tc  a  load  or 
detector  that  results  from  insertion  of  an  electrical  network,  element, 
or  shield  between  the.  load  and  the  power  source.  Insertion  loss  is  the 
sum  of  reflection  losses  and  attenuation. 

1-10.  Integral  Suppression 

An  integrally  suppressed  electrical  or  electronic  subassembly  is  an 
Item  that  was  manufactured  with  the  necessary  shielding  and  suppression 
components  as  a  design  requirement. 

I -II.  Interference 

Interference  is  any  conducted,  induced,  or  radiated  electrical  dis¬ 
turbance,  including  transients,  that  can  cause  undesirable  responses  or 
otherwise  impair  the  operation  of  electrical  or  electronic  equipment. 

1-12.  Interference  Tests 

Interference  tests  are  radiated,  conducted,  and/or  susceptibility 
tests  performed  under  controlled  conditions,  preferably  in  a  low-ambient 
noise  area,  to  determine  specification  and/or  design  compliance. 

I-I3>  Narrowband  Interference 

Narrowband  interference  comprises  cw  signals,  modulated  or  unmodulat¬ 
ed,  such  as  a  carrier  frequency,  or  signals  whose  energy  is  distributed 
over  •  spectrum  of  frequencies  that  is  narrow  when  compared  with  the 
bandwidth  of  the  receiver  or  interference  measuring  equipment. 
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1-14.  Shield 

A  shield  Is  a  conducting  enclosure  surrounding  a  source  of  interfer¬ 
ence  or  a  susceptible  circuit  that  is  designed  to  redu'.e  the  tadiation 
of  interference  or  to  prevent  a  susceptible  circuit  from  being  affected 
by  interfering  signals. 

1-15*  Spurious  Emission  and  Response 

Emission  of  electromagnetic  energy  at  any  frequency  or  frequencies 
other  than  at  the  designed  operating  frequency  is  considered  spurious 
emission.  A  response  of  a  receiver  to  any  frequency  or  frequencies 
other  than  the  one  at  which  it  is  adjusted  and  designed  to  operate  is 
considered  spurious  response. 

1-16.  Suscepti bi I i ty 

Susceptibility  is  the  response  of  a  piece  of  equipmen  *>r  component 
to  any  signal  applied  at  other  than  the  normal  input  tei  nals,  or  to 
any  signal  other  than  the  desired  one  applied  at  the  normal  input  ter¬ 
minals,  relative  to  its  response  to  a  desired  signal  appl Ted  at  the 
normal  input  terminals. 

1-17.  Wave  Trap 

A  wave  trap  is  a  resonant  circuit  usually  connected  into  an  antenna 
system  to  suppress  undesired  signals  at  a  discrete  frequency. 
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Section  II.  CHARACTERISTICS  OF  INTERFERENCE 


1-18.  General 

Interference  signals  are  grouped  into  narrowband  or  broadband  types 
(fig.  l-l).  Broadband  interference  is  further  divided  into  random  and 
impulse  interference.  Random  interference  consists  of  closely  spaced 
electromagnetic  impulses  that  are  not  clearly  distinguishable  from  one 
another.  The  impulses  are  frequent  and  overlap,  with  sharp  peaks  exceed 
i ng  the  average  level.  Impulse  interference  is  characterized  by  sharp 
pulses  that  are  relatively  infrequent  and  clearly  separated;  for  example 
thermal  agitation  and  atmospheric  interference.  Impulse  interference 
may  be  generated  by  an  internal  combustion  engine  ignition  system,  power 
line  discharges,  motor  brush  sparking,  electronic  equipment,  or  other 
electrical  or  electromechanical  devices. 

1-19*  Broadband  Interference  Generation 

a,.  Broadband  interference  is  generated  by  any  steep,  sharp-angled, 
or  short-duration  nonsl nusoi dal  current  or  voltage  waveform.  The  fre¬ 
quency  range  of  interference  generated  by  an  interference  source  de¬ 
pends  on  the  shape  of  the  wave  produced.  Any  irregularly  shaped  wave 
or  pulse  is  composed  of  a  fundamental  sine  wave,  to  which  are  added  var¬ 
ious  harmonics  of  different  frequencies  and  amplitudes  having  definite 
phase  relationships  to  the  fundamental.  The  equivalence  of  the  pulse 
and  the  group  of  individual  waves  can  be  shown  by  adding  up  the  contri¬ 
butions  due  to  the  separate  waves  and  shov/ing  that  their  sum  is  equal 
to  the  original  wave. 

t).  The  shape  of  a  complex  wave  depends  on  the  number  of  harmonics 
present,  their  relative  amplitudes,  and  phase  relationships.  In  general 
the  steeper  the  wavefront,  the  more  harmonics  it  contains.  Thus,  a  per¬ 
pend!  cu  la.  wave  front  Is  composed  of  a  fundamental  and  an  infinite  num¬ 
ber  ot  Harmonics. 
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Figure  1-2  illustrates  the  formation  of  a  square  wave.  If  a  square 
wave  is  compared  with  a  sine  wave  (A)  of  the  same  frequency,  it  can  be 
seen  that  they  are  considerably  different.  However,  if  another  sine  wave 
(B)  of  smaller  amplitude,  but  three  times  the  frequency,  is  added  in  phase 
to  A,  the  resultant  wave  more  nearly  approaches  the  square  wave.  The  re¬ 
sultant  wave  is  curve  C.  Wfsn  the  fifth  harmonic  (0)  is  added,  the  sides 
of  the  new  wave  are  steeper  than  before.  The  new  jve  is  the  line  E.  Ad¬ 
dition  of  the  seventh  harmonic  (F)  of  even  smaller  amplitude  makes  the 
sides  of  the  composite  wave  even  steeper.  Addition  of  more  and  more  odd 
harmonics,  in  phase  with  the  fundamental,  brings  the  resulting  wave  nearer 
and  nearer  to  the  square  wave. 


LEGEND 

A  -  FUNDAMENTAL 

B  -  3rd  harmonic 

C  -  FUNDAMENTAL  PLUS  3*°  HARMONIC 
0-5™  HARMONIC 

E  -  FUNDAMENTAL,  3rd,  5™  HARMONIC 
P  -  7™  HARMONIC 
B  -  FUNDAMENTAL,  SRD,  5™,  AND 

7th  harmonic 

(ALL  ADDED  IN  PHASE) 


Figure  1-2.  Square-Wave  Formation 
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d..  The  composition  of  a  peaked  wave,  which  closuly  corresponds  to 
transient  voltage  waves,  is  illustrated  on  .iaure  1-3*  As  more  harmon¬ 
ics  are  added  to  the  wave  out  of  phase  with  the  fundamental,  it  becomes 
more  and  more  peaked.  The  lowest  frequency  (the  fundamental)  in  a  pulse 
or  transient  has  the  greatest  amplitude.  Each  harmonic  contained  in  the 
pulse  is  of  smaller  amplitude,  except  where  some  part  of  the  circuit  may 
resonate  with  a  harmonic,  thus  increasing  its  amplitude.  !f  an  oscillo¬ 
scope  is  connected  across  the  output  terminals  of  an  interference  source, 
it  is  possible  (provided  the  frequency  is  not  too  high)  to  determine  the 
general  shape  of  the  voltage  wave  produced  by  the  source.  The  wave  shape 
will  alter  appreciably  if  the  load  and  line  impedances  are  changed. 

Since  the  original  wave  shape,  with  no  load,  depends  on  the  internal  im¬ 
pedance  of  the  source,  it  can  be  seen  that  all  three  Impedances  (load, 
line,  and  source)  affect  the  wave  shape.  Because  of  resonant  conditions, 
the  L  and  C  components  of  these  impedances  attenuate  certain  frequencies 
and  amplify  others,  which  may  greatly  increase  the  interference. 

1-20.  Theoretical  Considerations  of  Broadband  Interference  Generation 

a.  For  the  repetitive  rectangular  pulsa  shown  on  figure  1-4,  a  Fou¬ 
rier  analysis  of  its  theoratlcal  rpectral  content  1*  shown  (fig.  1-5). 

By  doubling  the  pulse  repetition  rate  with  a  given  pulse  width,  the 
spacing  of  successive  harmonics  Is  doubled,  and  tha  amplitude  of  a  given 
order  harmonic  Is  Increased  (fig.  1-6). 

b.  Broadband  Interferenca  level  Is  Inversely  proportional  to  pulse 
width,  directly  proportional  to  staepness  of  tha  edgas  of  a  pulse,  and 
determined  to  a  great  extent  by  pulse  width  rather  than  by  pulse  shape 
(provided  the  pulse  approximates  a  square,  triangle,  trapezoid,  or  sine 
wave,  as  shown  on  figure  1-7).  The  formula  for  determining  the  interfer¬ 
ence  level  of  a  rectangular  pulse  is  shown  on  figure  1-8.  Using  this 
formula,  the  interference  level  of  a  I  volt,  I  psec  rectangular  pulse 

is  plotted  showing  the  contribution  of  each  significant  factor.  A  line 
drawn  tangent  to  the  peaks  of  the  lobes  of  the  envelope  of  the  spectral 
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lines  is  shown  to  approximate  the  interference  level  closely.  Figure  1-9 
is  e  similar  straight-line  approximation  of  the  interference  level  of  a  I 
volt,  I  psec  trapezoidal  pulse,  having  a  rise  Mme  of  0.1  psec.  Formulas 
for  calculating  the  Intcference  level  for  any  trapezoidal  pulse  as  a 
function  of  pulse  peak  amplitude,  pulse  duration,  and  pulse  rise  time  are 
also  given  on  figure  1-9* 


LEGEND 

A  -  FUNDAMENTAL 
B  -  3R0  HAAMONIC 

C  -  FUNDAMENTAL  FLUS  3R0  HAAMONIC 
D  -  5™  HAAMONIC 

E  -  FUNDAMENTAL  ALUS  3rd  HAAMONIC 
AND  5™  HAAMONIC 

F  -  7™  HAAMONIC 

•  -  FUNDAMENTAL  ALUS  3R0,  5™  AND 
7™  HAAMONIC 

(ALL  ADDED  OUT  OF  AMASE) 


C 


Figure  1-3.  Harmonics  Contained  in  a  Peak  Wave 
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Figure  1-5.  A  Plot  of  Harmcnlc  Frequency  Venus  Harmonic 
Amplitude  for  the  Pul  to  Shown  on  Figure  1-4 
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Figure  1-6.  Doubling  the  Pulse  Repetition  Rete  of  Figure  1-5  Plot 
(Spacing  Between  Harmonics  Doubled  and  Amplitude  of 
Harmonics  Increased) 
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Figure  1-7*  Amplitude  Curves  For  Various  Waveforms 
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Figure  1-8.  Interference  Level  for  e  I  Volt,  I  usee  Rectangular  Pulse 


Figure  1-9*  Interference  Level  for  a  I  Volt,  1  nsec  Trapezoidal  Pulse 


c.  Envelopes  of  interference  levels  for  one-volt  trapezoidal  pulses 
are  plotted  on  figure  I - 1 0.  The  interference  level  at  low  frequencies 
is  determined  only  by  pulse  duration;  at  high  frequencies,  only  by  the 
rise  time  of  the  pulse.  The  Interference  levels  for  any  trapezoidal 
pulse  are  given  on  figure  1-1 I.  The  area  under  the  pulse,  maximum  am¬ 
plitude  of  the  pulse,  and  rate  of  rise  of  the  pulse  define  the  envelopes 
of  interference  in  the  three  frequency  regions.  The  average  pulse  dura¬ 
tion  and  the  pulse  rise  time  determine  the  corner  frequencies. 

d.  The  interference  levels  for  eight  common  pulse  shapes  are  shown  on 
figure  1-12.  All  have  a  one-volt  peak  amplitude  and  an  average  pulse  dur¬ 
ation  of  1  psec.  Because  all  of  the  pulses  have  the  same  area,  the  inter¬ 
ference  levels  at  low  frequencies  are  identical.  At  frequencies  less  than 

4-,  the  interference  level  equals  2Ad  or  126  db  above  a  pv  per  me.  Above  a 
0  1 

frequency  of  approximately  ■j,  the  interference  level  drops  at  a  rate  de¬ 
termined  by  the  shape  of  the  rise  and  fall  time  of  the  pulse.  For  a  rec¬ 
tangular  pulse  or  a  clipped  sawtooth  pulse  (both  of  which  have  step  func¬ 
tions),  the  spectrum  extends  to  higher  frequencies;  it  decreases  as  the 
first  power  of  frequency,  or  at  a  20-db-per-decade  rate.  For  a  trapezoi¬ 
dal  pulse,  a  critically  damped  exponential  pulse,  a  triangular  pulse,  and 
a  cosine  pulse  (all  of  which  have  sharp  corners).  Interference  decreases 
as  the  second  power  of  frequency ,  or  at  a  4 0-db-p«r- decade  rate.  For  a  cosine- 
squared  puise,  which  has  small  cornars,  the  interference  decreases  as  the 
third  power  of  frequency,  or  at  a  60-db-per-decade  rate.  For  a  gaussi an 
pulse,  the  smoothest  pulse  considered,  the  Interference  drops  at  a  rate 
that  increases  with  frequency. 

e.  The  curves  on  figure  1-13  are  identical  to  those  on  figure  I-I2»  but 
the  ordinate  and  abscissa  scales  have  been  changed  so  that  the  curves  can  be 
applied  to  a  pulse  of  any  voltage  amplitude  and  any  pulse  duration.  The  or¬ 
dinate  gives  the  number  of  decibels  below  2Ad,  and  the  abscissa  Is  plotted 
in  frequency  In  terms  of  -j.  To  find  the  interference  level  of  any  pulse, 
calculate  2Ad  from  the  peak  pulse  amplitude  and  the  average  pulse  duration 
and  select  the  curve  which  most  nearly  resembles  the  given  pulse  shape.  This 
curve  will  give  the  number  of  decibels  below  2Ad  for  any  frequency. 
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f.  Although  the  pulse  shapes  analyzed  here  are  ideal,  the  same  meth¬ 
ods  may  be  used  for  any  transient  by  considering  the  transient  to  be  made 
up  of  a  number  of  rectangular  and  triangular  pulses.  For  any  pulse  shape, 
the  interference  level  at  low  frequencies  depends  only  on  the  area  under 
the  transient;  at  high  frequencies,  the  level  depends  on  the  number  and 
steepness  of  the  slopes.  The  curves  on  figure  1-13  are  the  envelopes  of 
the  frequency  lobes,  each  lobe  being  an  envelope  of  the  harmonic  lines 
that  make  up  the  transient.  Although  the  true  curves  have  numerous  sharp 
nulls,  the  envelope  is  less  than  3  db  from  the  average  interference  level 
and  represents  the  worst  case  of  maximum  interference  level.  From  these 
curves  the  designer  can  predict  the  type  and  level  of  interference  that 
is  going  to  be  generated  and  determine  the  amount  of  suppression  to  de¬ 
sign  into  his  circuitry. 

1-21.  Narrowband  Interference  Generation 

There  are  seven  principal  sources  of  narrowband  interference  genera¬ 
tion: 

1)  Unintentional  harmonics  generated  by  the  nonlinearity  of  active 
circuit  elements,  such  as  oscillators  and  amplifiers,  which  are 
designed  to  operate  with  a  pure  sine  wave 

2)  Intentional  nonl inaarl ties,  such  as  in  modjlators,  mixers,  and 
rectifiers,  which  generate  a  group  of  harmonics  and  intermodula¬ 
tion  products  along  with  desired  products 

3)  Frequencies  intentional ly  generated  for  use  within  the  equipment 
and  not  intended  for  amissions 

4)  Inadequate  limitation  of  the  bandwidth  of  the  modulating  signal 
transmi tter 

5)  Nonlinear  modulation  (Including  overmodulation),  and,  in  the  case 
of  signals,  amplitude  distortion  after  modulation 

6)  Extraneous  modes  of  oscillation  of  magnetrons,  generating  unpre¬ 
dictable  frequencies  not  basically  related  to  the  generation  of 
the  desired  frequency 
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7)  Radiated  power  greater  than  needed  for  the  particular  application 

1-22.  Natural  Sources  of  Interference 

Certain  natural  occurrences  produce  sufficient  electromagnetic  energy 
to  interfere  with  normal  operation  of  communications,  navigation,  and  oth 
er  electronic  equipment.  Some  of  the  more  important  natural  sources  are: 

a.  Atmospheric  Interference.  Atmospheric  interference  is  erratic  in 
character.  It  consists  of  short,  randomly  recurring  pulses  completely 
without  regularity  in  phase  or  amplitude,  and  its  energy  is  not  confined 
to  a  particular  band.  Its  average  power  level  is  relatively  constant  dur 
ing  any  given  hour  although  it  may  vary  considerably  over  a  longer  period 
of  time.  Atmospheric  interference  fluctuations  depend  on  such  things  as 
frequency,  time  of  day,  season,  location,  and  weather  conditions. 

(1)  Atmospheric  interference  occurs  predominately  in  frequency  re¬ 
gions  below  50  me;  it  dominates  all  other  interference  sources 
below  30  me;  and  it  is  usually  the  limiting  factor  in  communica 
tions  within  this  spectrum.  Atmospheric  interference  decreases 
rapidly  above  30  me.  Figure  1-14  shows  typical  daytime  and 
nighttime  atmospheric  interference  levels  as  measured  by  a 
ground  antenna  situated  in  a  high  interference  location. 

(2)  Reception  of  atmospheric  interference  may  be  reduced  by  decrees 
ing  antenna  beamwidth,  side lobe  level,  and  response  bandwidth, 
while  increasing  intenna  directivity  and  transmitted  power. 

The  values  presented  on  figure  1-14  are  typical  for  tropical 
ground  stations.  Lower  vaiues  will  be  experienced  by  a  space 
vehicle  several  hundred  miles  above  the  earth.  The  ionosphere 
acts  as  a  partial  shield  for  the  majority  of  frequencies  blan¬ 
keted  by  atmospheric  noise.  Host  of  the  incident  energy  will 
be  reflected  by  the  ionosphere  below  the  ionosphere  critical 
frequency.  Even  though  atmospheric  Interference  is  shielded, 
cosmic  and  solar  noise  will,  however,  very  likely  be  present 
at  these  frequencies  to  an  extent  much  greater  than  at  the 
lower  al t i tudes. 
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Figure  1-14.  Interference  Power  Versus  Frequency  for  Various  Sources 


b.  Cosmic  Interference.  Cosmic  interference  originates  beyond  the 
earth's  atmosphere  and  is  generated,  to  some  degree, in  all  areas  of  the 
universe.  Like  atmospheric  interference  it  consists  of  short,  randomly 
recurring  pulses  completely  without  regularity  in  phase  or  amplitude, 
and  its  energy  is  not  confined  to  a  particular  band.  The  cosmic  inter¬ 
ference  intensity  varies  with  celestial  longitude  and  frequency.  'iSn  the 
surface  of  the  earth, cosmic  interference  is  effectively  confined  to  uhf 
and  vhf  frequency  regions  because  of  absorption  and  reflection  of  other 
frequencies.  Above  the  ionosphere,  communications  between  space  vehi¬ 
cles  at  frequencies  below  20  me  will  be  subject  to  the  full  effects  of 
cosmic  interference.  The  true  intensity  range  of  this  interference 
above  ionosphere  shielding  is  as  yet  unknown  for  lower  frequencies.  Cos¬ 
mic  interference  is  niost  prevalent  below  250  me,  while  solar  interference 
extends  beyond  30,000  me.  Major  sources  of  galactic  interference  are  the 
Milky  Way  and  the  sun.  By  using  narrow  bandwidth  antennas  and  the  high¬ 
est  frequency,  interference  from  these  sources  can  be  greatly  reduced. 
Figure  I - 1 4  indicates  typical  values  of  cosmic  interference  measured  by 

a  skyward  directed,  high-resolution  antenna. 

c.  Solar  Interference.  Solar  radiation  emanates  from  sources  locat¬ 
ed  in  the  chromosphere  and  corona  of  the  sun.  The  sun  behaves,  however, 
very  much  like  a  black-body  radiator  at  6000*K  fo~  frequencies  in  the 
infrared  and  visible  light  spectrum,  although  It  emits  considerably  more 
radiation  than  can  be  accounted  for  by  black-body  analysis  at  lower  fre¬ 
quencies.  The  lower  frequencies  are  generated  in  the  corona  and  the 
higjhar  frequencies  in  the  chromosphere,  with  both  contributing  radiation 
at  Intermediate  frequencies.  Because  the  source  location  varies  in  sur¬ 
face  depth,  the  apparent  temperature  for  each  frequency  also  varies  ac¬ 
cordingly.  The  intensity  of  sclar  radiation  fluctuates  with  a  periodic¬ 
ity  of  weeks  or  months  and  corresponds  to  sunspot  activity.  It  increases 
during  periods  of  sunspot  activity  and  decreases  when  there  is  less  sun¬ 
spot  activity.  These  periods  of  increased  radiation  last  several  days 

at  a  time.  At  such  times,  interference  levels  may  be  10  to  20  db  great¬ 
er  than  the  normal  level  of  a  quiet  sun.  At  lower  frequencies,  solar 
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radiation  does  not  fluctuate  as  much  as  it  does  at  high  frequencies.  Ra¬ 
diation  is  first  noticed  at  the  higher  frequencies;  afterwards,  at  the 
lower  frequencies.  The  radiation  generally  occurs  in  bursts  that  are 
greater  in  intensity  than  the  general  background  interference  level.  The 
radiation  accompanying  these  storms  is  strongly  circular  in  polarization. 
Accompanying  solar  flares  are  outbursts  of  interference  that  last  several 
minutes  and  increase  the  interference  level  of  the  sun  by  man/  orders  c* 
magnitude.  Sometimes  the  frequency  spectrum  of  these  outbursts  is  quite 
wide  and  involves  the  major  portion  of  radio  frequencies  now  in  use. 
Figure  1-T4  shows  appropriate  interference  levels  for  an  active,  quit-, 
and  violent  sun.  These  levels  were  determined  for  an  antenna  oriented 
toward  the  sun  with  a  beamwidth  nearly  equal  to  the  solar  diameter.  Five 
different  types  of  solar  radiation  are  described  in  table  l-l. 


TABLE  l-l.  CLASSIFICATION  OF  SOLAR  WAVES 


Class 

Basic 

Slowly 

Short  Term,, 

Unoolar 

ized  Burst 

Charactarlstic 

Component 
(The  rail) 

1 

Interference 

Outburst 

Isolated 

Burst 

Wava length 
range 

Un< Imi tad 

1-15  m 

1  cm- 1 5  m 

50  cm- 50  m 

Duration 

2 

1 

Hours  or 
days 

Hinutas 

Seconds 

Polari.tatlon 

Random 

1 

Strongly 
cl  rcular 

Random 

Random 

Place  of 
origin 

Whole  sun 

Number  of 
*mI  1 
•rots 

Smal 1  area 
above  sun¬ 
spot 

Small  area 
rapid  move¬ 
ment 

Smal  1  area 

Associated 

optical 

feature 

■ 

Large  sun¬ 
spots 

Flare 

Unknown 

Remarks 

C  .stent 
over 
years 

27-day 

component 

With  or 
wl thout 
numerous 
bursts _ 

No  certain 
distinction 

No  certain 
di st I net  ion 
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d.  Galactic  Point  Sources  of  Interference.  Discrete  sources  of  radio 
^Bnterference  of  extraterrestrial  origin  have  been  observed  since  1946. 
^nihen  a  source  is  sufficiently  small,  it  is  considered  a  point  source. 
“Host  point  sources  are  termed  radio  stars,  but  have  not  yet  been  shown  to 
=or  respond  to  actual  optically  visible  stars.  Usually,  if  a  source  sub- 
— ends  an  angle  less  than  one  degree,  it  is  considered  localized,  and  if 
— lore  than  one  degree,  an  extended  source. 

(1)  Many  radio  stars  have  been  discovered  in  the  last  decade  since 
the  advent  of  radio  astronomy.  The  use  of  low-noise  receivers 
increases  the  possibility  of  discovering  more  radio  stars.  On¬ 
ly  a  few  of  these  sources,  however,  emit  electromagnetic  energy 
of  sufficient  magnitude  to  warrant  cons ide'ut ion  as  important 
sources  of  background  interference  to  present  receiving  systems. 
The  interference  detected  from  five  of  the  more  important  radio 
stars  is  shown  on  figure  1-14.  The  values  used  were  converted 
from  flux  density  to  power,  assuming  an  effective  capture  of 
one  square  meter. 

(2)  Interference  may  also  be  contributed  to  background  level  by  the 
mechanism  of  atmospheric  absorption  and  reradiation.  Two  con¬ 
stituents  of  the  atmosphere,  wa, ir  vapor  and  oxygen,  absorb  mi¬ 
crowave  energy  and  collectively  amit  absorbed  energy  as  black- 
body  radiation.  In  affect,  the  receiving  antenna  is  surrounded 
by  an  absorbing  medium  that  acts  as  a  thermal  source  of  radia¬ 
tion.  The  amount  of  such  interference  th-»t  appears  at  the  an¬ 
tenna  is  a  function  of  path  length,  absorption  coefficient,  and 
atmospheric  temperature.  The  absorption  coefficient  also  var¬ 
ies  with  atmospheric  temperature,  pressure,  water-vapor  content, 
and  path  d>rect>on.  Most  absorption  occurs  in  the  troposphere, 
where  density  of  atmospheric  elements  is  still  significant. 

The  interference  source  is  therefore  confined  to  regions  of  the 
atmosphere  where  moderate  temperatures  (approximately  300 *K  or 
less)  prevail. 
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*•  Radiation  From  the  Earth.  The  apparent  temperature  of  the  earth 
varies  with  latitude,  topography,  surface-atmospheric  characteristics, 
and  time.  Although  the  earth  is  in  apparent  thermal  equilibrium,  sec¬ 
tions  of  its  surface  are  nor.  The  polar  regions  emit  more  thermal  ener¬ 
gy  than  they  receive,  vdiile  the  equatorial  regions  absorb  more  energy 
than  they  emit.  An  earth  satellite,  maintaining  communication  with  a 
ground  station,  experiences  background  inter  jrence  due  to  the  thermal 
radiation  emitted  by  the  ear^.h.  This  interference,  depending  upon  the 
frequency  emploved,  may  limit  the  minimum  ground  station  power  level 
that  can  be  used  for  communication  with  a  satellite.  Figure  I -1 4  shows 
the  interference  power  for  a  black  Dody  temperature  of  250®K,  detected 
by  a  receiving  antenna  with  a  half-power  beam  area  equal  to  the  total 
radiation  surface. 

I -23.  Man-Hade  Soirees  of  Interference 

Man-made  interference  impedes  the  reliable  and  efficient  utilization 
of  present-day  electrical  and  electronic  equipment.  To  control  man-made 
interference,  it  is  necessary  to  recognize  Its  many  possible  sources, 
the  methods  by  which  it  is  propagated,  and  its  effects  upon  susceptible 
equipment.  This  task  bacomes  very  difficult  when  several  different 
types  of  Interference  occur  simultaneously.  Some  of  the  more  common 
sources  of  man-made  interference  are  described  hern  and  listed  on  table 
1-2. 

fc.  Electrical  Machinery.  Electrical  machinery  constitutes  a  serious 
source  of  broadband  as  well  as  narrowband  ln"er ference.  Broadband  noise 
is  generated  during  the  commutation  process  by  the  brushes  and  the  arma¬ 
ture,  arcing  in  bearings,  friction  between  moving  parts,  internal  arcing, 
and  control  windings.  Narrowband  Interference  arises  from  poor  machine 
symmetry  causing  the  generation  of  harmonic  frequencies.  Section  |  of 
chapter  3  discusses  ir>  detail  the  control  of  interference  in  electrical 
machinery. 
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TABLE  1-2.  TYPICAL  MAN-HAW  INTERFERENCE  SOURCES 


Broadband 

Narrowba 

id 

Transient 

Intermi  tten t 

Conti ruous 

Intermi ttent 

|Cont inuous 

Funct  ion 
swi tches 

El ectroni c 
computers 

Commutat i on 
noi  se 

Doppl er-sh i ft  radar 
while  scanning 

Motor 

starters 

El ect r i c 
typewr i ters 

Radio  transmitters 

Power- 1 ine 
hum 

Thermostats 

Receiver 

local 

osci 1 lators 

Timer 

units 

Motor  speed 
control s 

Ignition 

systems 

Poor  or 
loose  ground 
connections 

Arc  and  va¬ 
por  lamps 

Wei  ding 
equipment 

Pul  se 

generators 

Radar 

modulators 

Sliding 

contacts 

Talatypa* 
wrl tar 
aquipmant 

Vol taga 
regulators 

b.  Frictional  Static.  Frictional  static  is 
charge  of  electromagnetic  energy  resulting  from 
two  materials.  There  are  different  theories  as 
al  stat'c.  A  few  of  the  most  common  are: 


the  accumulation  and  dis- 
a  rubbing  motion  between 
to  the  cause  of  frlction- 
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1)  Movement  of  electrostatic  charges  which  build  up  an  elec¬ 
tromagnetic  field 

2)  instantaneous  change  of  field  intensity  (that  is.  a  step 
function  change)  causing  the  collapse  of  the  electrostatic 
field 

3)  A  combination  of  the  first  two  causes 

(I)  Whenever  an  electric  field  is  set  up  in  a  substance,  a  dis¬ 
placement  of  electric  charge  takes  place.  The  nature  of  the 
displacement  is  dependent  upon  the  nature  of  the  substance. 

The  positive  charge  within  the  substance  is  displaced  or  ori¬ 
ented  in  the  direction  of  the  field  intensity,  and  the  nega¬ 
tive  charge  in  the  opposite  direction,  until  an  opposing 
force  is  set  up  which  just  balances  the  forces  due  to  the  im¬ 
pressed  field.  In  metallic  conductors,  flow  of  electrons  in 
a  direction  opposite  to  the  field  constitutes  electric  cur¬ 
rent.  In  electrolytes,  there  Is  a  migration  of  positive  ions 
in  the  direction  of  the  field.  In  insulators,  the  migration 
is  negligible,  but  molecules  of  the  substance  are  deformed 
and  reoriented  in  such  a  manner  as  to  produce  a  momentary  mo¬ 
tion  of  positive  electricity  in  the  direction  of  the  field, 
and  of  negative  electricity  opposite  to  the  direction  of  the 
field. 

(,’.)  Frictional  static  can  be  a  serious  source  of  interference. 
Frictional  static  may  occur  between  metals,  between  a  metal 
and  a  nonmetal,  or  between  nonmetals.  The  degree  of  serious- 
ness  is  determined  by  the  amount  of  friction  encountered. 
Frictional  static  may  occur  between  any  two  moving  surfaces 
or  between  the  contact  of  two  charged  surfaces.  Exanolus  of 
this  phenomena  are: 

I)  Belt  static  --  a  static  charge  between  a  dielectric  (non¬ 
conducting)  type  belt  and  its  pulleys 
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2)  Bearing  static  —  occurring  between  bearings  and  their 
lubricant  or  housing 

3)  Tire  and  track  static  —  appearing  between  the  tires  or 
tracks  of  moving  vehicles  or  tanks  and  the  road 

4)  Gear  static  —  static  resulting  from  two  gears  moving 
against  each  other 

(3)  Static  charges  or:  belts  are  a  common  occurrence  in  industry. 
These  charges  develop  on  both  power-transmission  and  conveyor 
belts.  Low  temperatures  appear  to  be  more  favorable  for  ac¬ 
cumulation  or  these  charges,  altnough  they  may  become  seiious 
in  dry  atmosphere  at  any  temperat  ire.  Static  arising  from  ve¬ 
hicular  tires  is  quite  evident  in  mobile  transmitters  and  is 
very  pronounced  when  a  vehicle  is  traveling  on  paved  roads. 
When  two  gears  of  similar  metal  mesh,  little  static  is  gener¬ 
ated;  when  two  gears  of  dissimilar  metals  mesh,  interference 
in  the  form  of  pulses  at  the  beginning  of  motion  appear.  The 
electrolytic  action  between  two  different  metals  causes  an 
electrical  discharge  as  the  gears  i.iesh. 

c.  Switches.  All  switches  cause  essentially  the  same  types  of  inter¬ 
ference  whether  mechanical  ,  thermostatic,  electromechanical  or  electronic 
in  operation.  The  switch  Is  essential ly  a  device  that  can  abruptly 
change  its  electrical  impedance  from  zero  to  infinity  or  from  infinity  to 
zero.  This  sudden  change  causes  rapid  current  and  voltage  transients 
throughout  the  circuit,  which  result  in  generation  of  broadband  interfer¬ 
ence.  In  the  case  of  manually  actuated  mechanical  switches,  the  Inter¬ 
ference  produced  is  generally  of  relatively  short  duration  unless  there 
are  capacitors  or  inductors  in  the  circuit.  Usually  such  Interference  is 
not  repetitive,  or,  if  it  is,  repetition  is  at  a  slow  or  irregular  rate. 
Switching  interference  is  moro  severe  when  large  current  values  are  In¬ 
volved  because  arcing  across  switch  contacts  when  making  c  breaking  cir¬ 
cuits  greatly  Intensifies  the  interference  in  both  level  and  duration. 


1-25 


Electromechanical  I y  actuated  switches  such  as  relays,  vibrators,  and  buz¬ 
zers  create  exactly  the  sane  ;ype  of  broadband  interference  as  do  manual¬ 
ly  actuated  switches,  but  usually  at  a  faster  rate.  Repetitive  interrupt¬ 
ers,  such  as  vibrators,  produce  the  same  bread  spectrum  interference  on  a 
continuous  basis. 

d.  Discharge  Tubes.  Thyratrons  and  similar  gaseous  discharge  tubes 
are  frequently  utilized  for  switching  purposes  because  of  their  extreme¬ 
ly  fast  operating  time.  Because  of  this  fast  operating  time,  however, 
such  tubes  create  very  substantial  amounts  of  interference,  particularly 
when  handling  large  currents.  Thyratrons  having  turn-on  times  in  the  or¬ 
der  of  I  psec  are  quite  common.  Just  as  with  manual  switches,  thyratrons 
being  operated  infrequently  cause  considerable  broadband  interference, 
though  only  for  a  relatively  short  time  duration.  Thyratrons,  when  dis¬ 
charged  repeti tiously  at  a  high  rate,  such  as  when  used  for  the  control 
of  motors  and  other  equipment,  can  create  very  intense  broadband  inter¬ 
ference  on  a  continuous  basis.  There  are  numerous  devices,  in  addition 
to  thyratrons,  which  produce  the  same  type  o'  interference.  These  are 
gaseous  voltage  regulators,  mercury  vapor  rectifiers,  coid-cathode  rec¬ 
ti  flars,  and  fluorascant  lamps. 

a.  Recti flars.  Rectifiers  have  been  described  as  nonlinear  circuit 
elements  having  tha  proparty  of  passing  a  greater  current  in  one  direc¬ 
tion  than  in  another.  There  are  two  broad  rectifier  classifications  for 
electromagnatic  intarferanca:  mechanical  and  electronic.  Virtually  all 
rectifiers  presently  in  use,  or  anticipated  for  future  use,  are  of  the 
electronic  type;  mechanical  rectifiers  are  now  obsblete. 

(I)  Host  rectifiers  produce  at  least  two  types  of  interference: 
harmonic  and  broadband.  Harmonic  interference  is  generated 
as  a  result  of  the  nonlinear  characteristic  of  a  rectifier. 

The  signals  produced  include  the  applied  frequency,  its  mod¬ 
ulation  components,  harmonics,  and  intermodulation  products. 
These  often  extend  over  hundreds  of  megacycles  throughout 
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the  spectrum.  When  an  applied  signal  is  nonsinusoi dal  in 
waveform  and/or  of  high  frequency,  the  cutoff  time  of  the 
rectifier  becomes  very  short,  and  it  generates  broadband 
i nterfe rence. 

(2)  Mercury  vapor  and  gaseous-type  rectifiers  generate  interfer¬ 
ence  because  of  the  manner  in  which  they  function.  The  con¬ 
tinual  establishment  of  new  conduction  paths  through  mercury 
within  the  tube  and  the  continual  breakdown  of  existing  paths, 
all  with  considerable  arcing,  create  interference  in  additon 

to  the  usual  harmonic  and  switching  type  interference  produced. 
The  mercury  vapor  tube  presents  a  very  serious  interference 
problem  and  is  not  recommended  for  general  use  in  new  equip¬ 
ment.  When  used,  special  precautions  should  be  taken  in 
placement,  shielding,  bypassing,  and  filtering  of  interconnect¬ 
ing  w  i  res . 

(3)  Silicon-controlled  rectifiers  are  related  to  the  transistor  in 
much  the  same  manner  as  the  thyratron  is  related  to  the  triode. 
These  devices  are  capable  of  handling  substantial  amounts  of 
power  and  are  either  nonconduc t I ve  or  conductive,  depending  up¬ 
on  their  bias.  When  triggered,  the  controlled  rectifier 
reaches  its  maximum  state  of  conductivity  very  rapidly.  The 
result  is  the  production  of  a  broad  band  of  electromagnetic 
interference.  Because  controlled  rectifiers  are  often  used 

as  repetitious  switching  devices  in  static  inverters  and  pow¬ 
er  converters,  they  can  be  a  continuous  source  of  broadband 
interference.  They  generally,  however,  produce  less  Interfer¬ 
ence  than  thyratrons  or  comparable  mechanical  interrupting  de¬ 
vices.  Control  of  this  interference  is  best  accomplished  dur¬ 
ing  initial  design  through  employment  of  suitable  shielding, 
filtering,  and  bypassing  techniques. 

(4)  Zener  diodes,  because  of  their  inherent  nonlinearity,  produce 
the  same  type  of  harmonic  interference  as  other  rectifiers. 
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In  minimizing  this  interference,  measures  similar  to  those 
used  with  semiconductor  rectifiers  can  be  employed.  Zener 
diodes  generally  produce  more  broadband  switching  interfer¬ 
ence  then  other  diodes  because  of  their  unique  self-bias 
characteristic.  It  is  this  characteristic  which  causes  the 
Zener  diode  to  switch  rapidly  from  the  nonconduct i ve  to  the 
conductive  state  when  a  minimum  voltage  is  exceeded,  and  to 
switch  back  to  the  nonconducting  state  when  tne  applied  volt¬ 
age  falls  below  the  required  level.  Because  Zener  diodes  are 
frequently  employed  in  regulator  applications  where  constant 
switching  operations  occur,  and  in  ac  circuits  where  continu¬ 
ous  switching  occurs  at  the  power  frequency,  their  presence 
indicates  the  need  for  appropriate  interference  suppression. 

(5)  tunnel  diodes  are  relatively  new  semiconductor  devices  which 
are  finding  extensive  experimental  and  commercial  application 
throughout  the  elect~onics  industry.  The  tunnel  diode  can  be 
an  interference  source  if  not  properly  utilized.  If  not  used 
properly  they  have  a  very  definite  tendency  to  oscillate  at 
several  unrelated  freque.icies  simultaneously.  The  resulting 
spurious  radiations  may  or  may  not  have  any  relationship  to 
the  Intended  frequency  of  operation  and  can  create  very  seri¬ 
ous  interference  problems.  Even  the  use  of  crystal  control 
will  not  assure  single  frequency  operation  because  it  is  pos¬ 
sible  for  one  output  signal  to  be  at  the  crystal  frequency, 
while  other  signals  are  lit  frequencies  determined  by  one  or 
more  resonant  peaks  of  the  tuned  circuit.  The  tunnol  diode 
is  also  extremely  susceptible  to  shock  excitation  from  strong 
external  electromagnetic  fields.  The  design  engineer  must  ex¬ 
ercise  care  in  selecting  and  establishing  circuits  for  tunnel 
diodes.  Interference  control  measures,  such  as  short  point- 
to-point  wiring,  adequate  shielding,  filtering  end  bypass¬ 
ing  should  be  used  to  minimize  spurious-signal  generation. 
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(6)  Varactors,  though  not  rectifiers,  are  similar  to  semiconductor 
diodes  in  construction,  When  connected  in  circuits  so  as  to 
ha  negatively  biased  and  nonconducting,  varactors  present  a 
capacitance  that  varies  with  applied  potent ia I ■  These  devices 
serve  many  functions,  such  as  variable  capaci tors  for  remote 
tuning  of  radio  sets,  Power  varactors  have  also  been  developed 
for  use  as  uhf  frequency  multipliers,  Because  they  are  nonlln- 
ear  >n  operation  —  and  are  excellent  harmonic  sources,  as  In- 
dicatea  by  their  efficiency  as  passive  frequency  mu I  tipi iers  -- 
they  are  potential  sources  of  electromagnetic  interference, 

Th  types  of  interference  that  they  produce  vary  considerably 
with  the  circuits  in  which  they  are  utilized, 

regulators.  The  manner  and  rate  at  which  voltage  le  controlled  by 
a  re  julator  determines  the  spectrum  and  Intensity  of  the  resulting  inter¬ 
ference,  Variations  in  current,  which  resul t  from  every  adjustment  in 
voltage,  ceuse  interference  to  be  generated  over  large  portions  of  the 
electromagnetic  spectrum.  Large  and  rapid  incremental  voi tage  adjustments 
cause  broader  and  more  intense  interference  th «n  slower  and  more  gradual 
adjustments.  This  Interference  may  be  widely  disseminated  by  direct  radi¬ 
ation  end  conduction.  Thus,  for  the  design  engineer  concerned  with  inter¬ 
ference  control,  th>re  is  i  conflict  between  requirements  for  rapid,  wl da- 
range  voltage  regulation  and  minimal  Interference  generation, 

(I)  Various  types  of  voltage  regulators  are  available,  All  have 
in  common  the  Inheient  ability  to  ganarata  Interference  through 
the  very  n'v.ess  of  regulating  voltage,  Many  regulators  pro¬ 
duce  additional  Interference,  which  rasults  from  their  Indlvld- 
uel  cherecterlst Ics#  f**mple$  Include  switching  and  arcing 
transients  produced  by  reed-type  regulators;  harmonic  and 
switching  typa  transients  produced  by  gaseous  regulators,  ?«- 
ner  eiodes  end  other  semiconductors;  and  Interference  that  re¬ 
sults  from  currant  pulses  peculiar  to  magnet i c-ampi i fier  typa 
regulators, 
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(2)  Current  regulators  operate  In  the  same  manner  as  voltage  regu¬ 
lators;  they,  however,  sense  and  regulate  current  through  a 
circuit  rather  than  voltage  applied  to  It.  The  basic  opera¬ 
tion  of  current  regulators  is  similar  to  that  of  voltage  regu¬ 
lators.  Similarly,  current-regulator  Interference  results 
from  individual  regulation  transients  and  from  the  harmonic 
generation  capabilities  of  its  nonlinear  components.  The  chief 
difference  between  voltage  and  current-regulator  interference 
is  the  magnitude:  current  regulators  frequently  involve  varia¬ 
tions  in  larger  currents  than  do  voltage  regulators.  They  gen¬ 
erate,  therefore,  more  intense  interference  than  do  voltage 
regulators. 

g.  Corona.  Corona  occurs  when  a  dielectric  material  is  subjected  to 
high  voltage  and  ionizes.  In  high-voltage  equipment,  corona  is  most  like¬ 
ly  found  in  the  air  gap  adjacent  to  high-voltage  buses,  bushings,  and  lo¬ 
cations  where  small  air  gaps  are  present,  and  where  the  electrostatic 
field  is  nonuniform.  For  uniform  fields,  corona  usually  precedes  arc  break¬ 
down.  Thecorona  produces  broadband  Interference  at  random  frequencies  and 
is  very  difficult  to  suppress.  The  best  method  that  can  be  used  to  elim¬ 
inate  this  type  of  interference  is  to  eliminate  the  source  of  corona;  this 
can  be  accomplished  by  Increasing  the  spacing  between  breakdown  surfaces, 
improving  the  geometric  configuration,  providing  shielding  between  break¬ 
down  surfaces.  Improving  voltage  distribution,  and  eliminating  air  gaps, 
either  electrically  or  mechanically.  Each  of  these  methods  is  described 
here: 

(I)  Because  corona  In  air  is  an  ionization  of  air  caused  by  a  volt¬ 
age  high  enough  to  exceed  the  critical  gradient  of  the  air  gap, 
the  first  step  in  eliminating  corona  is  to  increase  this  air 
gap.  The  air  gap  size  for  a  required  corona  level  depends  on 
geometric  configuration.  The  curves  on  figures  1-15  through 
1-18  show  the  effects  of  spacing  of  four  basic  configurations. 
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Figure  1-15.  Corona  Level,  Plane-to-Corner  Configuration 
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Flguro  1-16.  Corona  Laval.  Plane- to-Cy I Indar  Configuration 
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Figure  1-18.  PI  ana- to- Sphere  Relationship 
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(2)  When  space  requirements  make  it  impossible  to  increase  the  size 
of  the  air  gap,  other  methods  of  decreasing  voltage  stress  must 
be  developed.  One  method,  a  change  in  geometric  configuration 
of  the  device,  has  an  important  effect  on  changes  of  geometry 
in  a  one- inch  air  gap.  The  data  in  table  1-3  shows  the  effec¬ 
tiveness  of  changing  the  geomet'ic  configuration.  In  many 
cases,  minor  configuration  revisions  will  result  in  a  major  im¬ 
provement  in  corona  level.  It  is  good  design  practice  to  round 
off  sharp  corners  on  bare  conductors  in  the  vicinity  of  an  air 
gap  that  might  undergo  high  voltage  stress. 

TABLE  1-3.  RELATIONSHIP  OF  GEOMETRY  OF  DEVICE  TO  CORONA  VOLTAGE 


Geometry 

Kv  Corona  Voltage 
(with  I'inch  air  oap) 

0  degree  corner 

5.4 

90  degree  corner 

17 

13/1 6- inch  diameter  sphere 

26 

1-1/2- inches  diameter  sphere 

35 

l/2-inch  diameter  cylinder 

35 

l-inch  diameter  cylinder 

42 

Plane 

_ 5J _ 

(3)  The  application  of  high-dielectric  Insulating  shields  around 
conductors  that  have  high  stress  points  eliminates  corona.  Be¬ 
cause  It  Is  usually  cheaper  to  resort  to  geometry  correction, 
shielding  is  avoided  ahere  possible.  However,  there  are  some 
economical  applications  of  a  shield  on  high-voltage  equipment. 
The  shield  is  placed  over  the  hardware  to  eliminate  high-stress 
points  at  threads  and  corners. 

(4)  Usually,  complicated  co:if igurations  can  be  reduced  to  an  equiv¬ 
alent  circuit.  The  equivalent  circuit  of  an  insulated  conduc¬ 
tor  could  be  a  simple  series  capacitance  circuit.  Because  the 
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dielectric  constant  if  known  for  the  insulation  being  used,  it 
is  easy  to  calculate  the  impedance  of  each  capacitor.  The 
voltage  distribution  across  each  capacitor  can  he  calculated 
as  a  series  circuit.  The  dielectric  constant  of  the  insula¬ 
tion  in  series  with  an  air  gap  determines  rhe  voltage  distribu¬ 
tion.  For  a  given  air  gap  in  series  with  a  solid  insulation, 
it  is  preferable  to  choose  an  insulation  with  a  low  dielectric 
constant  so  that  stress  on  the  air  will  be  minim:zed. 

(5)  Because  corona  occurs  when  air  is  overstressed,  it  <s  possible 
to  eliminate  it  by  eliminating  the  air  grp,  ei ther  electrical¬ 
ly  or  mechanically.  To  eliminate  an  a ! r  ga,.  electrically, 
both  surfaces  bordering  the  air  gap  should  be  coated  with  a 
conduce ing  or  metal  I  zed  paint  or  metal  foil.  The  two  conduct¬ 
ing  surfaces  are  then  tied  together  electrically  to  eliminate 
voltage  across  the  air  gap.  The  air  gao  can  be  eliminated 
mechanically  with  a  filler,  suci  as  transformer  oil,  epoxy  cast¬ 
ing  resin,  or  petrolatum. 
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Section  .11.  INTERFERENCE  GENERATION 


1-24.  General 

a .  Basically,  all  sources  of  interference  can  be  divided  into  three 
groups:  natural,  inherent,  and  man-made.  Natural  interference  is  caused 
by  atmospheric  disturbances  and  precipitation  static;  inherent  interfer¬ 
ence  is  generated  within  a  piece  of  equipment  (for  example,  thermal  agita¬ 
tion,  shot  effect,  and  switching  contacts);  and  man-made  interference  in¬ 
cludes  all  other  interference  from  external  sources.  Any  piece  of  elec¬ 
trical  or  electronic  equipment  must  be  regarded  as  a  potential  source  of 
man-made  interference.  The  electrical  or  electronic  dtvice  that  produces 
an  abrupt  change  in  current,  such  as  an  electric  spark  or  an  arc  discharge, 
may  cause  man-made  interference  over  a  wide  bend  of  frequencies. 

Jj.  Table  1-4  and  the  left-hand  block  on  figure  1-19  indicate  tha  typi¬ 
cal  sources  of  interference  within  an  electronic  complex.  The  central 
block  on  figure  1-19  comprises  parameters  and  variables  between  the  trans¬ 
mitting  source  and  the  receiver.  It  Is  analogous  to  the  transfer  impedance 
or  admittance  between  a  driving  point  and  receiving  point  in  electrical 
circuits  —  that  Is,  to  the  transfer  medium  or  transmission  region.  This 
region  will  generally  have  the  effect  of  attenuating  tha  energy  from  the 
source  before  It  Impinges  upon  the  receiver.  The  possibility  of  signal 
reinforcement  from  fortuitously  located  Intervening  objects  in  the  propa¬ 
gation  path  i*  remote.  The  right-hand  block  on  figure  l-i9  refers  to  the 
receiving  element,  which  is  the  element  responsive  or  susceptible  to  the 
impinging  interference.  Susceptible  elements  are  not  limited  to  receivers 
alone.  Any  equipment  sensitive  to  extraneous  electric  or  magnetic  fielcs 
is  classed  as  a  responsive  element,  including  computers,  sensitive  relays, 
explosives,  control  devio  .,  and  roceivars. 

£.  Interference  signals  are  associated  with  time-varying  electrical  or 
magnetic  fields.  They  are  generated  by  the  fields  that  result  when  the 
time  rate  of  change  of  current  is  not  equal  to  zero.  Mathematically: 


No  1 
Interference) 


(!evel  of  interference 
b)  -j—  ^  0  present  is  relate  to 
at  value  of  di /d'c) 
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Equation  l-l(a)  is  an  absolute  criterion  for  th-i  absence  of  interference. 
Variation  will  cause  current  fluctuations  the*  result  in  the  generation  of 
interference.  Variations  in  current  result  from  changes  in  voltage,  imped¬ 
ance,  a  combination  of  both,  or  equivalent  changes  in  current-operated  ci r- 
cui ts. 


TABLE  1-4.  CLASS IT! CAT I  ON  OF  INTERFERENCE 


Interference 

Characteristics 

Category 

Cause  or  Source 

Spectral 

Distribution 

Narrowband 

Spurious  radiation, ‘parasi tic,  harmonic,  and 
other  oscillations  at  distinct  cw  frequency 

Broadband 

Periodic  or  aperiodic  rf  and  voltage  pulses 

Node  of 
fransmi ssion 

Radiated 

Any  undesirable  rf*slgnals,  such  as  unshield¬ 
ed  ignition  systems,  poorly  shielded  radar 
modulators,  escaping  rf  energy  from  waveguide 
flange  coup 1 ings,  commutators,  relays,  co- 
channel  and  adjacent-channel  transmitter  out¬ 
puts 

Conducted 

Any  undesired  signal  that  reaches  a  receiver 
by  direct,  Inductive,  or  capacitive  coupling 
through  the  antenna  lead-in  cable,  power 
leads,  signal  leads,  or  control  cables 

Origin  of 
Generation 

Natural 

Cosmic  and  atmospheric  electrical  disturb¬ 
ances 

Inherent 

Background  noise  originating  in  the  antenna, 
circuitry,  electron  tubes,  and  crystals, 
such  as  thermal  agitation  and  shot  effect 

Han-made 

All  interference  from  external  sources  other 
than  natural  or  inherent 

INTERFERENCE 

SOURCE 


COMMUNICATIONS  TRANSMITTERS 
RADAR  TRANSMITTERS 
RECEIVER  LOCAL  OSCILLATOR 

MOTORS,  SWITCHES, 
FLUORESCENT  LIGHTS 
INTERNAL  COMBUSTION 
IGNITION  SYSTEMS 

NATURAL  SOURCES: 

ATMOSPHERIC  STATIC, 
LIGHTNING 


TRANSFER 

MEDIUM 


SPACE  (RADIATION) 
ELECTROMAGNETIC  SHIELD 
CABLES 

RERADIATING  ELEMENTS 


RECEIVING 

ELEMENT 


COMMUNICATIONS  RECEIVER 
RADAR  RECEIVERS 
DIGITAL  COMPUTER 

SENSITIVE  INDICATORS, 
RELAYS 

AMMUN I T I  ON 


II.  *1  -1C 


Figure  1-19.  Three  Basic  Components  of  an  Interference-Susceptibility 
Si tuation 


1-25.  Vol tage  Variations 

Changes  in  potential  or  voltage  arise  from  processes  used  in  the  gen¬ 
eration  and  control  of  electricity.  Causes  of  interference  due  to  volt¬ 
age  variations  include  the  relative  mechanical  motion  between  conductors 
and  magnetic  fields,  switching  actions,  and  the  generation  of  equivalent 
potentials  in  nonlinear  impedances. 

1-26.  Impedance  Variation 

When  impedances  vary  in  a  circuit,  the  result  is  mathematically  equiv¬ 
alent  to  having  an  equivalent  variable  voltage  or  a  variable  current  gen¬ 
erator  in  series  with  an  internal  impedance.  Any  nonlinear  impedance  is 
therefore  a  potential  source  of  interference.  When  switching  occurs,  the 
magnitude  of  the  impedance  across  the  switch  changes  abruptly  from  meg¬ 
ohms  tomilliohms.  This  action  causes  a  rapid,  high-level  rate  of  change 
of  current.  These  sudden  changes  in  Impedance  result  in  the  generation 
of  much  greater  levels  of  broadband  spurious  energy  than  slow  or  gradual 
changes  in  impedance. 
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1-27.  Median ical  Mot i or 

a.  Voltage  Is  induced  between  the  ends  of  a  conductor  when  It  passes 
through  a  magnetic  field.  The  value  of  this  induced  voltage  is 

E  -  B  i  v  (1-2) 

where:  B  is  the  magnetic  flux  density 

J[  is  the  effective  length  of  the  conductor 

v  is  the  component  of  relative  velocity  perpendicular  to  fl  and  B 

This  action  is  the  basic  principle  in  design  of  ac  and  dc  machines.  The 
current  does  not  always  occur  as  a  sinusoidal  or  single  frequency  wave. 

A  frequency  component  within  the  current  spectrum  may  cause  a  malfunction 
to  occur  in  a  susceptible  unit,  depending  upon  the  frequency  and  the  lev¬ 
el  of  the 'interference.  In  a  similar  manner,  the  magnetic  field  of  cur¬ 
rents  that  vary  in  amplitude  in  a  wire  may  cut  the  wires  of  another  cir¬ 
cuit  and  induce  interference  voltages.  The  level  of  interference  generat¬ 
ed  depends  upon  factors  such  as  rate  of  change  of  current,  power  levels, 
and  the  existing  shielding  and  physical  layout.  It  is  also  possible  that 
interference  will  be  generated  In  wires  existing  in  a  magnetic  field  that 
are  subjected  to  vibrational  forces. 

b.  Severe  interference  is  encountered  with  rotating  machinery  when 
commutators  or  slip  rings  are  used.  In  a  dc  generator,  for  example, 
broadband  interference  emanates  from  the  brushes  as  they  contact  the  com¬ 
mutator  and  switch  the  load  from  segment  to  segnent  while  current  is  be¬ 
ing  draw*.  The  resultant  interference  is  caused  by  the  change  in  imped¬ 
ance  every  time  the  current  path  of  the  commutator  is  interrupted.  This 
change  also  occurs  with  slip  rings,  and  the  arcing  can  be  observed. 

1-28.  Switching  Action 

Broad  spectrum  interference  results  from  the  operation  of  such  devices 
as  commutators,  mechanical  switches,  electric  ignition  systems,  fluores¬ 
cent  lights,  gaseous  and  electromechanical  voltage  regulators,  vacuum  tube 
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switch  circuits,  semiconductor  switch  circuits,  cold-cathode  rectifiers, 
and  mercury  rectifiers.  Ail  have  one  characteristic  in  common:  they 
cause  rapid  modulation  of  an  electric  current  vdien  the  contacts  of  the 
switch  open,  or  the  device  cycles;  that  is,  goes  from  the  conductive  to 
the  nonconduct i ve  state  and  back  again. 
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Section  IV.  INTERFERENCE  TRANSFER  MEDIA 


1-29.  General 

Interference  may  be  transferred  from  one  point  to  another  either  by 
conduction  or  radiation.  Conducted  interference  is  transferred  over 
common  interconnections  between  a  source  and  a  receiver,  and  its  propa¬ 
gation  conforms  to  conventional  circuit  theory.  Radiated  interference 
is  transferred  via  an  electromagnetic  field  produced  by  a  signal  source, 
and  its  distribution  may  be  predicted  by  field  theory  (fig.  1 —20) . 


RADIATED  INTERFERENCE  PATH 


Figure  1-20.  Propagation  of  Conducted  and  Radiated  Interference 
1-30.  Conducted  Interference 

a.  Conducted  interference  is  the  interference  that  propagates  through 
a  metallic  conductor  such  as  wiring  or  any  metallic  structure.  The  conduc¬ 
tor  may  be  a  prime  source  of  conducted  interference  if  switching  occurs  in 


series  with  it,  or  it  may  be  the  transfer  medium  through  which  interfer- 
ency  may  propagate. 

b.  Conducted  interference  requires  a  complete  circuit  path  between  an 
interference  so.rce  and  a  receiver,  such  as  may  be  formed  by  wiring,  chas¬ 
sis,  or  structure.  A  common  path  for  conducted  interference  is  a  ground 
plane.  Such  interference  is  especially  severe  when  several  electronic  de¬ 
vices  are  connected  to  a  common  power  source  that  has  insufficient  rf  iso¬ 
lation.  Such  a  set-up  can  result  in  Interference  being  transferred  to  in¬ 
put  terminals  of  each  device  because  of  mutual  impedance  in  the  ground 
path. 

c.  Whenever  there  is  a  direct  connection  between  two  circuits,  and  in 
addition  a  return  path,  a  conduction  current  may  flow  between  the  circuits 
The  return  path  may  be  another  metallic  lead,  a  mutual  capacitance,  or  a 
common  ground  return.  The  magnitude  of  resulting  current  depends  on  the 
difference  of  potential  to  ground  between  the  points  of  exit  and  entry  in 
the  ex'iti.ig  circuit  and  on  the  total  loop  impedance  between  these  two 
points.  An  example  of  interference  coupling  by  conduction  is  shown  on 
figure  1-21  which  illustrates  the  Interference  from  a  source  (motor)  be¬ 
ing  transferred  to  a  receiver  through  wires  that  are  connected  to  a  common 
power  supply. 

1-31*  Radiated  Interference 

a.  General .  Radiated  Interference  is  propagated  according  to  the  same 

laws  of  electromagnetic  wave  propagation  that  govern  the  propagetion  of  de 

sired  signals.  The  interference  field  comprises  three  components:  the 

static  dipole  field,  the  induction  field,  and  the  radiation  field.  These 

components  vary  as  —r  ,  and  respectively,  where  d  is  the  dis- 

d'  o"  0 

tance  from  the  source  to  the  point  of  observation.  The  separation  of  the 
total  field  into  its  components  is  only  an  analytical  process,  while  the 
physical  measurement  of  the  interference  field  encompasses  a  measure  of 
the  total  field. 
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Figure  1-21.  Interference  Coupling  by  Conductor 

b.  Cl rcui t  CoupI Ing.  Two  circuits  ere  seid  to  be  coupled  when  currents 
or  voltages  in  one  produce  currents  or  voltages  in  the  other.  According  to 
circuit  concepts,  two  circuits  may  be  coupled  either  by  a  mutual  impedance 
or  by  a  mutual  admittance.  A  mutual  impedance  exists  between  two  circuits 
when  the  current  flowing  in  circuit  I  produces  a  voltage  in  circuit  2.  The 
magnitude  of  mutual  impedances  is  the  ratio  of  open-circuit  voltage  of  cir¬ 
cuit  2,  with  all  other  voltage  sources  removed,  to  the  current  in  circuit 
I.  A  mutual  admittance  exists  between  a  point  of  circuit  I  and  a  point  of 
circuit  2  vrfien  voltage  between  point  I  and  some  reference  point  (grcund) 
produces  a  current  to  or  from  point  2,  with  this  point  connected  to  the 
same  reference  point.  The  magnitude  of  the  mutual  admittance  is  the  r»tio 
of  the  resulting  current  at  point  2  to  the  voltage  at  point  1. 

(1)  Unless  there  is  perfect  shielding,  there  will  be  a  capacitive 
reactance  between  two  conductors  in  close  proximity.  The  ef¬ 
fective  capacitance  will  vary  with  the  distance  between  the 
conductors,  their  size,  and  the  frequency  of  the  interference 
potential.  As  the  frequency  of  the  interference  signal  in- 
craases,  the  effect  of  capacitive  coupling  becomes  more  pro¬ 
nounced. 


(2)  Inductive  coupling  refers  to  the  process  by  which  interfer¬ 
ence  is  transferred  by  means  of  the  magnetic  field.  An  al¬ 
ternating  current  in  a  conductor  will  generate  a  magnetic 
field  of  the  same  frequency  around  the  conductor.  The  alter¬ 
nating  field  will,  in  turn,  induce  a  'ignal  ir.  any  closed 
circuit  it  encompasses,  in  proportion  to  the  rate  of  change 
of  the  field. 
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Section  V.  ELECTROMAGNETIC  COMPATA0ILITY  CONTROL  PLAN 


1-32.  General 

The  following  Electromagnetic  Compatabi I  i  ty  Control  Plan  is  a 
typical  example  of  a  good  rft  control  plan  submitted  to  the  Depart¬ 
ment  of  the  Army  by  an  electronic  manufacturer. 

1-33*  EMC  Considerations  for  Radio  Set  AN/GRC-(  ) 

This  design  plan  will  deal  with  the  problem  of  rfi  in  detail, 
discussing  the  types  of  interference  expected,  its  sources,  steps 
to  be  followed  in  its  elimination  for  conformance  to  Military  Spe¬ 
cification  Mil-1-11748,  and  the  degree  of  success  anticipated. 

Each  major  potential  trouble  source,  such  as  power  supplies,  power 
amplifier,  antenna  coupler,  modem  and  remote  control  unit,  is  trea¬ 
ted  individually. 
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1-34.  RFI  Design  Plan  for  Radio  Set  AN/GRC-  (  ) 


a.  General .  During  the  AN/GRC-  (  )  design  phase,,  particular  attention 

will  be  given  to  the  problem  of  rfi  reduction.  The  power  supply  will  pre¬ 
sent  a  difficult  rfi  problem  because  of  the  square  wave  amplitudes  and  dis¬ 
torted  wave  forms  which  are  characteristic  of  *  high  frequency  solid  state 
supply.  Preliminary  calculations  using  formulas  ar.d  data  from  Mechanical 
Design  for  Electronics  Production.  John  M.  Carroll,  McGraw-Hill  1956,  and 
commercial  brochures  Trom  manufacturers  of  rfi  shielding  materials,  indicate 
that,  with  proper  design,  interference  reduction  to  levels  specified  in  MIL" 
1—11 7^*8B  can  be  achieved. 

b.  Mechanical .  In  the  mechanical  section  of  the  assign  plan,  the  mate¬ 

rial  for  the  four  drawers  is  proposed  as  0.125  inch  thick  aluminum.  This 
choice  was  made  to  satisfy  the  need  for  rugged  construction  consistent  with 
the  emphasis  on  weight  reduction.  A  plot  of  attenuation  versus  frequency 
and  chassis  thickness  is  shown  on  figure  1-22.  The  worst  case  frequency 
present  in  the  AN/GRC-  (  )  is  20  kc.  From  the  graph,  a  reduction  of  140 

db  can  be  expected  from  the  chassis.  In  practice, this  reduction  is  consider¬ 
ably  less  because  of  the  openings  required,  and  it  becomes  important  that 
ell  interruptions  in  the  chassis  continuity  be  designed  for  maximum  rfi  in¬ 
sertion  losses. 

£.  Hotel  led  Discussion. 

(I)  Worst  case  analysis.  The  maximum  square  wave  amplitudes  present 
In  the  AN/GRC-  (  )  wi 1 1  be  320  volts  at  4  kc  in  the  27  volts 

supply,  the  Intermediate  voltage  supply,  end  the  filament  supply. 
The  fifth  and  higher  harmonics  fall  within  the  scope  of  MIL-t- 
117488  and  represent  a  broadband  interference  source  of  con¬ 
siderable  magnitude.  The  highest  interference  level  is  calcu¬ 
lated  to  be  approximately  200  db  above  I  microvolt  per  mega¬ 
cycle  bandwidth  at  20  kc.  An  analysis  of  the  radiated  and  con¬ 
ducted  interference  reduction  is  shown  in  figures  1-23  and  1-24. 
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Referring  to  figure  1-23,  the  first  consideration  is  the  attenu¬ 
ation  of  the  chassis  as  the  filament  supply  module  in  the  power 
amplifier  section  is  mounted  with  its  open  side  against  the  section 
wall.  The  chassis  reduces  the  interference  level  1 40  db  (from 
173  db  to  33  db  above  1  microvolt)  at  20  kc,  thus  meeting  MIL-I- 
1 1 71*8B  specifications  insofar  as  direct  radiation  through  the 
chassis  wall  Is  concerned.  However,  inside  the  power  amplifier 
chassis,  reduction  is  less  as  the  module  has  openings  where  in¬ 
sertion  losses  are  considerably  less  than  140  *b.  The  module  is 
mounted  to  the  chassis  wall  with  a  screw  spacing  of  1.5  inches. 
Figure  1-25  indicates  an  insertion  loss  of  86  db;  thus  the  source 
is  reduced  to  87  db  above  1  microvolt  inside  the  power  amplifier 
chassis.  The  chassis  openings  are  as  follows: 

1)  Top  cover  (2  inch  screw  spacing  with  mesh)  insertion  loss 
97  db 

2)  Air  exhaust  screen  (honeycomb  filter  with  l/8-inch  cells 
and  l/2-inch  thick)  insertion  loss  109  db  (70  -  100  db 
with  mounting  losses) 

3)  Panel  meter  (double  shielded)  insertion  loss  estimated 
100  db 

From  the  above.  It  can  be  safely  assumed  that  the  rfi  integrity 
of  the  power  amplifier  chassis  is  such  that  an  additional  reduc¬ 
tion  in  excess  of  50  db  can  be  expected,  reducing  the  interfer¬ 
ence  source  to  37  db,  wall  within  MIL-I-II748B  specifications. 

(a)  The  27-volts  supply  and  the  intermediate  voltage  sup¬ 
ply  will  be  double  shielded  by  virtue  of  their  modularized  con¬ 
struction;  and  the  Inverter  chassis  and  similar  rfi  components  will 
be  treated  so  that  acceptable  rfi  levels  are  obtained. 

(b)  An  analysis  of  the  conducted  interference  reduction  is 
shown  in  figure  1-24.  The  first  reduction  is  the  conducted  noise 
decrement  (assumed  losses  without  filtering).  The  unfiltered 
losses  reduce  the  noise  source  to  levels  within  the  capability 
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*«CIN«  (I ACMES)  IM12U-2M 

Figure  1-25*  Shielding  Effectiveness  vs.  Screw  Spacing 


of  n  type  interference  filters.  It  is  planned  to  use  filters 
with  an  attenuation  of  100  db  at  150  kc  (XYZ  Co.  «  type  FSR  or 
equivalent).  This  results  in  the  conducted  noise  level  shown  in 
Figure  1-24  and  is  well  below  Hi  I- 1-1 I748B. 

(2)  Insertion  loss  considerations  -  air  vents.  It  is  noted  that  a 
recommendation  to  use  honeycomb  louvered  filters  in  lieu  of 
screening  has  been  made.  In  some  cases  it  is  not  feasible  to  do 
so  because  of  space  requirements.  By  comparison,  honeycomb  filter 
with  1/8- inch  cells  and  a  thickness  of  1/2  inch  has  an  insertion 
loss  of  109  db  less  the  insertion  loss  of  the  mounting,  which  re¬ 
duces  the  effective  shielding  to  70  -  100  db.  An  aluminum  screen 
0.060  inch  thick  with  3/ 1 6- inch  holes  and  40  percent  opening  has 
an  insertion  loss  of  approximately  85  db.  The  attenuation  of 
screening  0.090  inch  thick,  the  material  which  was  contemplated 
in  the  design  plan,  should  approach  100  db.  Where  space  require¬ 
ments  a  1 1 ow, honeycomb  filters  will  be  advantageous  for  minimum 
air  flow  resistance  and  rfi  losses;  however,  in  some  few  areas 
it  will  be  necessary  to  use  the  screening  as  mentioned. 

d.  Suscept ibl 1 1  tv.  It  Is  noted  that  there  is  no  specific  requirement 
concerning  susceptibility  per  SCI  12345.  However,  the  rfi  precautions  taken 
in  the  design  of  the  AN/GRC-(  )  will  do  much  to  improve  the  susceptibility 
characteristics  of  the  system. 

•.  RFI  Reduction  -  Design  Techniques 
(I )  Antenna  Coupler  RFI  Reduction 
(il  Interference  sources 

1)  Switching  transients 

2)  Hotor  drive  transients 
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(£)  Electrical  design  review. 


1)  All  control  leads  will  enter  the  drawer  through  a  filter  bcx 
with  series  chokes  and  bulkhead  mounted  capacitors 

2)  Control  leads  will  be  routed  to  maintain  maximum  distance  from 
rf  leads 

3)  Termination  points  of  control  leads  will  be  bypassed  to  ground 
except  where  circuit  functions  are  affected 

4)  RF  ground  leads  will  be  as  short  as  possible 

5)  Proper  grounding  techniques  will  be  used 

6)  Relay  coils  will  be  bypassed 
(c)  Mechanical  review. 

—  —  p  » 

1)  The  rear  cover  will  be  attached  to  the  main  chassis  with  machine 
screws  spaced  1.5  inches  apart  (maximum) 

2)  The  front  panel  will  be  attached  to  the  main  chassis  with 
screws  spaced  four  Inches  apart  (maximum)  and  rfl  gasketed 
around  the  periphery 

3)  The  top  cover  will  be  attached  to  the  chassis  with  3/4-turn 
fasteners  spaced  three  inches  apart  and  rfl  gasketed  around 
the  periphery 

4)  The  manual  drive  shafts  will  enter  a  bearing  plate  located 
approximately  0.125  inch  behind  the  front  panel.  Electrical 
contact  from  the  front  panel  to  the  bearing  plate  via  a  circular 
section  of  finger  stock  or  gasketing  will  enclose  the  shafts 
and  prevent  leakage 

5)  The  counter  windows  will  be  made  of  conductive  glass 

6)  The  chassis  air  exhaust  holes  will  be  limited  in  size  to  0.187 
inch  diameter.  Honeycomb  filters  will  be  used  if  space  per- 
mi  ts 

7)  The  air  intake  port  will  be  screened 
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8)  Panel  meters  will  be  shielded  end  meter  leads  filtered 
(2)  Power  Amplifier  RFI  Reduction. 

(a)  Noise  sources. 

1)  320-volt,  4  kc  square  wave  in  filament  supply  module 

2)  Relay  and  motor  drive  transients 

(b)  Electrical  design  review. 

1)  All  power  and  control  leads  will  enter  the  chassis  through  a 
filter  box  with  series  chokes  and  bulkhead  mounted  capacitors 

2)  The  power  amplifier  will  be  keyed  by  turning  on  the  plate  and 
screen  supplies  in  the  power  supply  drawer.  No  switching  func¬ 
tion  will  occur  when  the  power  amplifier  is  keyed  on 

3)  Leads  carrying  the  filament  power  to  the  tubes  (12  volt  square 
wave)  will  be  shielded  with  shields  grounded  at  both  ends 

4)  All  rf  ground  leads  will  be  as  short  as  possible. 

5)  All  relay  coils  wMl  be  bypassed 

6)  The  power  amplifier  plate  supply  lead  will  be  bypassed  near 
the  stator 

7)  The  pusher-driver  steges  will  be  Isolated  from  the  power  amp¬ 
lifier  stege 

8)  Leads  carrying  Average  Power  Control  (ape)  and  Peak  Power  Control 
(ppc)  information  will  be  shielded 

(c)  Mechanical  design  review. 

1)  The  filament  supply  module  will  be  mounted  with  the  open  side 
against  the  power  amplifier  side  wall  with  a  0. 500- inch  flange 
and  1.5- Inch  screw  spacing 

2)  The  discriminator/ape-ppe  circuitry  will  be  enclosed  in  a  shield¬ 
ed  case 
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3)  The  chassis  covers  will  be  attached  with  3/4-turn  fasteners 
spaced  3  Inches  apart  and  double  core  rfl  gasketing  will  be 
used  to  ensure  electrical  continuity  around  the  periphery 

k)  Air  exhaust  ports  may  be  covered  with  0.090  aluminum  screen 
with  0.187” inch  holes.  The  screen  will  be  attached  to  the 
chassis  walls  with  screws  spaced  1.5  inches  apart.  Honey¬ 
comb  filters  will  be  used  if  space  permits 

5)  Access  panels  will  be  attached  to  the  chassis  with  3/4- turn 
fasteners  spaced  three  inches  apart  and  gasketed  with  double 
core  rfl  gasketing 

6)  The  access  pane)  covering  the  recessed  control  panel  vm  1 1  be 
hinged  to  the  front  panel  and  gasketed 

7)  All  exposed  front  panel  controls  will  be  gasketed 

8)  Finger  stock  will  be  used  to  assure  closure  between  the  pusher- 
driver  chassis  and  plenum 

9)  The  panel  meter  will  be  shielded  and  meter  leads  shielded 
(3)  Prime  Power  Converter  Drawer  RF1  Reduction. 

(a)  Interference  source.  Waveforms  contained  in  this  unit  range  in 
fundamental  frequency  from  47.5  to  420  cps.  The  silicon  controlled 
rectifiers  are  used  to  maintain  constant  effective  output  volt¬ 
age  over  the  plus  and  minus  15  percent  voltage  variation.  This 
implies  control  of  the  conduction  angle  of  the  SCR's.  Depending 

on  Input  ac  voltage,  tha  conduction  angle  Is  I/O  degrees  or  less. 
However,  conduction  angles  are  kept  large  enough  to  be  consistent 
with  reasonable  power  factor  requirements.  Current  obviously 
flows  only  during  the  conduction  periods  of  the  SCR's.  The 
average  value  of  the  current  in  the  worst  case  Is  around  40  amperes, 
depending  upon  what  functions  are  taking  place  at  that  time. 

(b)  Electrical  review. 

I)  The  area  of  noise  generation  is  limited  to  the  two  SCR's  on 
the  input.  R.FI  filter  of  the  cylindrical  bulkhead  mounting 
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type  will  be  used.  This  type  of  filter  Is  to  be  used  o..  both 
Input  and  output  trrilnals.  Suitable  precautions  will  be  taker 
in  connecting  between  the  connector  and  the  filter  to  ensure 
the  effectiveness  of  the  filters 

2)  All  other  control  circuits  and  service  circuits  entering  or 
leaving  the  cabinet  will  be  filtered  with  rfi  filters  having 
similar  attenuation  characteristics 

(c)  Mechanical  review 

1)  As  noted  in  the  main  design  plan,  efforts  are  being  made  to 
keep  the  chassis  totally  enclosed 

2)  A  modification  of  the  original  mechanical  design  plan  exists 
in  that  the  prime  power  SCR's  and  diodes  have  moved  inside  the 
chassis  entirely,  rather  than  allow  the  studs  to  project  out- 

s i de  the  package 

3)  The  access  or  service  plate  will  have  rfi  gasketing  material 
around  the  entire  perimeter.  The  circuit  breaker  will  be  locate  1 
within  the  enclosed  chassis 

*0  A  mechanical  ' inkage  will  afford  control  over  the  circuit  break¬ 
er  from  the  front  panel.  A  test  panel,  required  by  maintainability 
will  be  covered  by  a  removable  plate.  The  perimeter  of  the 
plate  will  be  covered  with  rfi  gaskoting 


I)  High  voltage  inverter  -  sine  wav?  Inverter  type  power  supply  - 
converting  a  nominal  167  volt  dc  input  Into  2700  volts  at  up 
to  1.5  amperes.  The  Inverter  has  a  basic  oscillation  frequency 
of  9  kc.  The  power  output  control  uses  a  repetition  rate  con¬ 
trol  system  for  regulation  which  varies  the  oscillation  from 
kOO  cycles  to  9  kc  depending  upon  load  demanc^.  The  sine  wave 
character  of  the  power  delivering  portion  of  the  waveform 
minimizes  the  rfi  generating  character  of  the  power  switch¬ 
ing  waveforms 
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2)  Intermediate  voltage  supply  -  320  volts, 4  kc  square  wave  with 
broadband  inte 'ference  levels  shown  In  figure  1-23 

3)  27-volt  dc  supply  -  same  as  intermediate  voltage  supply 

4)  Miscellaneous  circuitry  -  susceptibility  points  which  ere  not 
sources,  but  require  shielding  as  protection  against  inter¬ 
ference  from  above  sources 

(b)  Electrical  design  review. 

1)  The  rectifier  sections  of  all  supplies  will  employ  fast  switch¬ 
ing  diodes  to  minimize  the  rfi  content  In  the  diode  reverse 
recovery  time 

2)  All  leads  entering  the  chassis  will  be  filtered  with  bulkhead 
f i 1 ters 

3)  Leads  carrying  high  level  current  will  be  routed  away  from 
control  leads 

4)  Critical  control  leads  will  be  shielded 

(c)  Mechanical  design  review. 

1)  The  interference,  levels  produced  by  the  high  voltage  inverter 
can  be  adequately  reduced  by  the  chassis 

2)  The  intermediate  voltage  supply  and  27-volt  supply  will  be 
modularized  In  individual  metal  boxes  and  double  shielded  by 
virtue  of  the  chassis 

3)  The  top  and  bottom  covers  will  be  attached  with  3/4  turn  fasteners, 
spaced  three  inenes  apart  and  gaskated 

4)  The  front  panel  meter  will  be  shielded 

5)  Required  panel  controls  will  be  mounted  on  a  recessed  panel 
covered  by  a  hinged  door  which  will  be  rfi  gasketed 

6)  Low  level  control  circuitry  will  be  modular  in  metal  boxes 

7)  The  air  intake  port  will  be  shielded  with  a  honeycomb  filter 

3)  Exposed  front  panel  controls  will  be  properly  gasketed 
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1-35.  RFI  Design  Plan  for  Modem  Unit  MD-  (  ) 


a.  General .  The  MD-  (  )  Modem  uni:  is  a  frequency  shift  keyer  and 

converter  which  converts  on-off  information  from  the  teletypewriters  into 
audio  tone  information.  The  audio  tones  are  applied  to  the  microphone  in¬ 
put  of  the  RT-  (  )  Receiver-Transmitter  unit.  It  also  receives  audio 

information  from  the  RT-  (  )  and  processes  it  to  provide  on-off  informa¬ 

tion  which  is  recognized  by  the  teletypewriters  as  letters  or  characters. 
The  unit  has  connectors  which  are  the  inputs  and  outputs  of  the  RT-  (  )'s 

the  speaker,  microphone,  handset,  power,  teletype  inputs  and  outputs. 

_b.  General  Precautions.  Throughout  the  design  of  the  MD-  (  ),  rfi 

has  been  a  major  concern,  and  a  number  of  general  precautions  have  been 
taken  to  reduce  the  interference  to  levels  which  fall  within  the  specifica¬ 
tion.  These  general  precautions  include  a  three-section  filter  box  which 
covers  the  rear  of  the  connectors.  The  three  sections  separate  the  power 
leads,  the  teletype  loops,  and  the  audio  and  control  leads.  Any  leads 
which  do  not  directly  enter  the  main  portion  of  the  case,  do  not  leave  the 
filter  box,  but  are  connected  between  connectors  within  the  filter  box. 
Leads  which  enter  or  leeve  the  main  part  of  the  case  are  filtered  to  pro¬ 
vide  adequate  protection  against  conducted  interference. 

£.  Individual  Shielding.  Radiated  interference  Is  suppressed  by  shield 
ing  of  individual  modules,  and  by  the  shielding  afforded  by  the  metal  case. 
In  the  analysis  that  follows  the  shielding  effect  of  the  case  and  the  pro¬ 
tective  measures  used  to  shield  the  scope  face  opening  are  treated  sepa¬ 
rately.  This  permits  mention  of  the  fact  that  the  HD-  (  )  is  identical 

in  construction  to  the  RT-  (  )  of  the  AN/GRC-  (  )  system  which  has  pre¬ 

viously  passed  radiated  interference  specifications.  Any  degradation  of 
performance  must,  therefore,  be  associated  with  the  opening  provided  for 
the  scope  face.  A  ineter  shield  will  also  be  provided  if  it  is  deemed  nec¬ 
essary. 
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d.  Analys i s .  The  major  noise  sources  are  listed  below: 


Noise  Source _ 

Loop  batteries  (two) 
Type:  Square  wave 
Freq:  5  kc 
Amplitude:  89  volts 


_ Estimated  level _ Remedy 

Narrowband  amplitude:  Shielding 

145  db  above  1  uv  at  15  kc  of  case 

Wideband  amplitude: 

19'l.5  db  above  1  uv/mc  at  15  kc 


Oscill,  power  supply 
Type:  Square  wave 
Freq:  5  kc 

Amplitude:  655  volts 


Narrowband  amplitude:  Shielding 

163  db  above  1  uv  at  15  kc  of  case 

Wideband  amplitude: 

209  db  above  1  uv/mc  at  15  kc 


Mark  &  Space  Oscillators 
Type:  Square  wave 
Freq:  221  kc  &  227  kc 
Ampl ?  tude:  12  vol ts 


Narrowband  amplitude: 

138  db  above  1  uv  at  221  kc 
Wideband  amplitude: 

151  db  above  1  uv/mc  at  221  kc 


Shielding 
of  case 


(I)  Case  shielding.  Analysis  of  shielding  afforded  by  the  case  which  is 
0.090  aluminum  includes  a  fixed  30  db  of  attenuation  due  to  the  three-foot 
separation  between  the  measuring  instrument  and  the  equipment,  and  the 
losses  due  to  penetration  and  reflection  in  the  cases.  Table  1-5  indicates 
the  total  losses  versus  frequer  :y  due  to  these  three  factors.  The  radiated 
loss  takes  into  consideration  on  1  ■  he  case.  Since  the  equipment  is  con¬ 
tained  in  covered  modules,  the  actual  ’nterference  should  be  lower.  Data 
given  pertains  to  worst  case  condition  of  voltage  and  load. 


Table  1-5.  Loss  Due  to  Case  Versus  Frequency 


Frequency 

111  11 

Total 

Fixed 

Reflection 

Penetration 

10  kc 

30 

59 

28 

— 

100  kc 

?0 

188 

90 

1  me 

30 

595 

286 

10  me 

30 

1880 

900 

100  me 

30 

5950 

2860 
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(a)  Figures  1-26  and  1-27  are  predicted  curves  of  the  data  presented  above 
and  show  the  total  interference  level.  The  solid  line  at  the  lower  left 
shows  anticipated  level  after  shielding. 


(b)  The  scope  face  opening  is  a  2-inch  diameter  hole.  The  scope  shield 
is  a  2-inch  diameter, 6- 1/2- inch  long  pipe  which,  when  considered  as  a  wave 
guide  operating  below  cutoff,  provides  142  db  of  attenuation.  For  both 
broadband  and  narrowband  interference,  this  is  sufficient  attenuation  to 
meet  the  specif icat  on.  Since  previous  calculation  have  been  on  a  wor  t 
case  basis,  screening  will  be  employed  only  if  it  is  found  to  be  necessary. 
The  screening  considered  is  steel  0.030  wire  with  1/2  inch  spacing  which 
is  88  percent  open  and  provides  24  db  of  shielding. 


(2)  Conducted  interference.  Figure  1-28  shows  actual  measurements  of 
conducted  interference  level  wi;h  and  without  filters.  The  measurements 
were  made  on  the  breadboard,  and  indicate  additional  filtering  may  be 
required  at  the  low  frequencies.  Before  leaving  the  unit,  all  lines  pass 
through  a  filter  box  containing  a  n  section  low  pass  filter  with  a  200  kc 
cutoff  frequency.  Power  lines  and  teletype  loops  contair  low  pass  filters 
with  a  100  kc  cutoff  frequency.  For. the  teletype  loops,  this  ensures  faith¬ 
ful  reproduction  of  the  teletype  pulses. 


(3)  Susceptlbl 11 ty 
(a)  To  self  oanaratad  signals 

Although  the  teletype  sensitivity  is  -50  dbm,  the  protective  measure' 
taken  predict  adequate  filtering  for  the  modem.  The  breakdown  is: 


Power  Level 

Shelter  Shielding 
Cable  Shielding 
AFI  Filters 
TTY  Channel  Filters 

Total  Attenuation 


+60  dbm 

20  db 
20  db 

40  db  (min  at  2  me) 
40  db 

120  db 


The  input  to  the  teletype  channel  is  therefore,  -60  dbm.  The 
above  figures  again  represent  worst  case  conditions,  therefore, 
system  performance  should  show  improvement. 
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Figure  1-26.  Narrow  Band  Radiated  Interference 
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Figure  1-27*  broadband  Radiated  Interference 


(b)  Power  line  susc.eptlblll 

There  will  be  no  problem  from  the  input  power  line  to  the  modem 
since  the  supply  is  regulated  and  virtually  interference  free. 

(c)  Antenna  terminal 
Not  Appl i cable 

(d)  Susceptibility  to  radiation 

No  undesirable  response  will  occur  with  the  modem  under  the  ir 
fluence  of  a  strong  electromagnetic  field. 

1-36.  RFI  Design  Plan  for  Shelter  Blower  -  Power  Supply 

iK  Nature  of  RFI  Anticipated.  The  rfi  expected  is  of  the  broadband 
nature.  The  power  is  threi'-phase,  derived  from  a  2400  cps  ring  counter. 
This  ring  counter  produces  3  series  of  square  waves  of  about  30  volts  amp¬ 
litude  and  a  one  microsecond  rise  and  fall  time.  These  pulses  are  power- 
amplified  and  used  to  drive  silicon-controlled  rectifiers  in  a  parallel 
inverter  arrangement.  The  resultant  square  wave  output  has  an  amplitude 
of  320  volts  peak-to-peak.  Thus,  the  rfi  results  from  square  wave  voltage 
of  30  volts,  2400  cycles  par  second,  and  320  volts  peak-to-peak  at  400 
cycles  par  second.  The  320  volts  appears  thrice  in  a  three-phase  sequence 
The  30  volts,  2400  cycle  per  second  square  wave  is  the  lesser  of  the  two 
interference  generetors  by  a  factor  of  10,  and  it  is  entirely  within  the 
confines  of  the  blower  supply  chassis;  the  320-volt  square  wa/t  is  fed  to 
the  blower  motor  in  another  part  of  the  shelter.  This  is  the  significant 
interference  of  the  broadband  spectrum. 

b.  Reduction  of  RFI. 

(I)  Refer  to  Figure  1-29  entitled  "RFI  Reduction."  A  0.125  aluminur. 
chassis  is  planned.  The  upper  dashed  line  represents  the  broad¬ 
band  spectrum  of  the  320-volt  rfi.  Frequencies  below  14  kc  are 
not  applicable  per  Mil-l-11748.  Thus,  the  first  applicable  fre¬ 
quency  is  the  worst  case  frequency.  As  can  be  seen,  the  0.125 
chassis  provides  adequate  attenuation. 
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(2)  In  the  event  that  some  forced  air  cooling  Is  required,  suitable 
screening  will  be  utilized.  It  is  anticipated  that  an  air  intake 
and  exhaust  would  be  rfi  filtered  with  honeycombed  aluminum  which 
would  provide  effective  shielding  of  70  -  100  db. 

(3)  The  access  panel  (top)  will  be  rfi  gasketed  and  attached  with  3/4- 
turn  fasteners  spaced  no  more  than  two  inches  apart.  Refer  to 
figure  1-25-  RFI  gasketing  attenuation  is  97  db.  97  db  atten¬ 
uation  will  result  i n  a  db  level  of  76  db.  Over  30  db  of  atten¬ 
uation  will  be  provided  by  the  shelter  and  racks,  giving  an  over¬ 
all  db  level  of  46  db  maximum. 

(4)  Input  leads  will  be  kept  a  maximum  distance  away  froi.i  the  out¬ 
put  leads  to  the  blower. 

(5)  A  large  capacitor  will  be  p'aced  across  input  leads  (dc). 

(6)  The  output  square  waves  will  be  Y-connected  to  a  Y-connected  motor. 
This  will  significantly  reduce  the  harmonic  content  and  virtually 
eliminate  the  third  harmonic.  In  addition,  these  leads  will  be 
shielded. 

(7)  Input  and  output  leads  will  enter  through  filter  boxes  which  will 
provide  rfi  attenuation.  These  boxes  with  shielded  leads  provide 
adequate  rfi  suppression.  This  conducted  noisa  decrement  due  to 
shielded  cable  is  shown  in  figure  1-30.  The  actual  level  is 
significantly  below  the  level  stipulated  in  MIL-1-11748. 

1 -37 •  RFI  Design  Plan  for  AN/GRC-(  )  Ancillary  Equipment  , 

a.  General .  Throughout  this  report  under  the  mechanical  considerations 
for  each  unit,  the  word  phrase  "containment"  appears  several  times.  The 
reader's  attention  is  directed  to  figure  1-31  which  indicates  that  the  min¬ 
imum  attenuation  afforded  by  an  aluminum  chassis  0.090  inches  thick  is  in 
excess  of  100  db  at  a  frequency  of  14  kc.  It  should  be  noted  that  the 
attenuation  greatly  increases  with  frequency.  The  chassis  discussed  here¬ 
in  will  be  constructed  of  0.090  aluminum  stock.  Similarly,  throughout  this 
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Figure  1-30.  RFI  Reduction  -320  Volt,  ^00  CPS  Square  Wave,  Shielded  Cable 
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Figure  1-31.  RF  Attenuation  v-  Frequency  M  Chassis  .090  Id.  Thick 


report,  under  mechanical  considerations,  it  Mill  be  r.  ted  that  a  screM 
spacing  of  1.75  inches  has  been  used.  According  to  figure  1-32,  this 
screw  spacing  should  provide  about  80  db  attenuation. 

b.  RFI  Considerations. 

(1)  Local -remote  switching 

(a)  Electrical  considerations 


Interference  Source 
28- vo It  dc  power 


Remote  input  from 
fieid  lines 


Fix 

The  input  lines  will  be  filtered 
using  separate  rfi  containers  to 
house  the  f?  iters.  *1  Iters 

will  provide  a  minimum  ot  60  db 
attenuation  to  .15  me  signals,  90 
dt  at  .5  me,  100  db  at  1.0  me,  100 
d>  at  10  me,  and  94  db  at  100  nc 

The  field  line  inputs  will  be  filtered 
with  the  same  type  filters  as  the 
Input  lines.  Again,  the  Filters 
will  be  mounted  in  separate  rfi 
containers 


Local  TTY  Input  and  The  local  TTY  input  and  output  lines 
output  lines  will  be  routed  in  the  interference 

free  portion  of  the  switching  panel 
case.  Any  interference  radiated  by 
the  TTY  lines  will  be  contained  by 
the  .090- inch  thick  aluminum  chassis. 
This  thickness  of  aluminum  should 
provide  greater  than  I0G  db  at  fre¬ 
quencies  in  excess  of  15  kc  (fig. 
1-22) 
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(b)  Kechanicai  considerations 


Interference  Source 
Case 

Front  panel 

Top  cover 

f'il ter  boxes 

Connec tors 

(2)  Receiver  dummy  box 

(a)  Electrical 

Single  pair  (with  TTY 
signals)  enters  and  exits 

(b)  Meehan  I  cel 

Case 

Cover 

Connec tors 

0)  ^Transmit  dummy  box 

(a)  Electrical  considerations 

TTY  signal  lines  entering 
80  ma  level 

Polar  relay  following 
switching  TTY  signals 

28- vo It  dc  bias  used  on 
polar  relay  col  I 


Fix 

One  piece,  folded  and  welded 

One  piece,  1.75"  to  1.84*'  screw 
spacing.  This  screw  spacing  should 
afford  over  80  Ub  shielding 

One  piece, 1.75"  spacing  between 
screws 

One  piece  construction, fol ded  and 
welded 

MTD  on  paint-free  iridited  surface 

Containment 

One  piece, folded  and  welded 
One  piece, 1.75"  screw  spacing 
HTD  on  paint-frea  iridited  surface 

Containment 

Containment 

Containment 
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Fix 

Containment 


Interference  Source 

28-volt  dc  interlock  for 
TTY  patch  panel  circuitry 

fb)  Mechanical 

Case 

Top  cover 
Connec tors 

(4)  TTY  patch 

(a)  Electrical 

Four  relays,  three  of 
which  are  operated  in 
conjunction  with  the  ' 
duplex  one-way  switch 
and  the  Transmi t/ Race I ve 
switch.  The  4th  operates 
continuously  with  dummy 
boxes  in  piece 

TTY  signal  lines  enter¬ 
ing,  being  routed  by 
above  relays  end  exit¬ 
ing  to  dummy  boxes 

(b)  Mechanical 

Case 

Top  cover 
Connec tors 

(5)  Transmit/ receive  switch 

(a)  Electrical  Considerations 

Switch  Si.  The  switch 
applies  power  and 


One  piece,  folded  and  welded 

One  piece,  1.75"  screw  spacing 

MTD  on  paint-free  iridited  surface 

Containment.  The  relay  coil  1  >ries 
will  be  filtered  at  the  unit  doing 
the  switching.  The  filters  employed 
will  have  the  seme  characteristics  a* 
the  input  line  filters.  Oiodes 
will  be  pieced  across  relay  coils 
to  suppress  transients 

Containment 


One  piece, folded  and  welded 

One  piece, 1.75"  screw  spacing 

MTD  on  paint-free  iridited  surface 

Filter  all  lines  entering  and 
leaving  the  box.  The  attenuation 
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Interference  Source 


switches  relays  located 
in  the  TTY  patch  panel. 


Mechanical  considerations 


Case 


Cover 

Connectors 


Generator  noise  from 
truck  can  conceivably 
enter  through  J) 


Ignition  noise  and  other 
power  equipment  noise  can 
conceivably  enter  through 
J2 

TTY  land  lines  end  the 
local/remote  unit  lend 
lines  may  carry  rfi  in* 
to  the  shelter 


Meehan i cel 


Case 


Fix 

characteristics  of  these  filters  have 
been  discussed  under  "28-volt  dc  power" 

One  piece,  folded  and  welded 

One  piece,  1.75"  screw  spacing 
MTO  on  paint-free  iridited  surface 


Filter  both  input  lines  from  the 
truck  generating  system.  The  filters 
will  have  the  attenuation  character¬ 
istics  discussed 

Filter  both  input  lines  from  the 
power  source.  The  filters  will 
have  the  attenuation  character¬ 
istics  discussed 

Feed-through  capacitors  will  be 
used  to  prevent  rf  from  entering 
the  shelter  on  TTY  lines.  It  is 
necessary  to  preserve  up  to  about 
the  20th  harmonic  of  the  fundamen¬ 
tal  TTY  signal;  and  hence  feed¬ 
through  capaci tors  will  be  used 
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Five  formed  metal  parts  welded  to 
form  a  continuous  surface  with  no 
discontinui ties 


Interference  Source 


Fix 


Cover 

Connectors 

(7)  Power  distribution  panel 
(a)  Electrical  considerations 
Air  conJitioner 


Prime  power  converter 


TTY  power  converters 


Security  equipment 
RT-(  )  Transceivers 


One  piece  construction  with  1.75" 
screw  spacing 

MTD  on  paint-free  iridited  surface 

The  lines  to  the  air  conditioner 
will  be  filtered  at  the  power  dis¬ 
tribution  panel  using  two  filters 
which  provide  60  db  minimum  at 
150  me,  and  80  db  minimum  1.0  me  to 
1000  me 

The  lines  to  the  converter  will  br 
filtered  at  the  power  distribute  1 
panel  using  filters  which  provide 
50  db  at  .15  me ,  90  db  at  1.0  me, 

90  db  at  10  me.  It  should  be  point 
ed  out  that  filtering  is  in  additio 
to  the  filtering  done  at  the  prime 
power  supply  itself 

The  ac  lines  to  the  TTY  converters 
will  be  filtered  using  filters  hav¬ 
ing  the  characteristics  discussed 
under  "28-vol t  dc  power". 

The  emergency  28  vdc  power  lines 
will  be  filtered  using  filters  of 
the  characteristics  discussed 

No  filtering  will  be  used 

The  power  lines  to  transceivers 
will  be  filtered  using  filters  of 
the  characteristics  disc-ssad,- 
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interference  Source 


Modem 


Loca 1 /Remote  Swi tch i ng 
Panel 

(b)  Mechanical  considerations 


Fix 

The  power  lines  to  the  modem  unit 
will  be  using  filters  with  the  same 
attenuation  as  input  line  filters 

Lines  at  the  L/R  panel  are  filtered 
in  the  L/R  panel 


Case 


Cover 


Front  Panel 


Connectors 


The  chassis  case  will  be  folded 
and  welded  construction 

The  one  piece  cover  will  have 
1.75"  screw  spacing 

The  speaker  holes  will  be  covered 
by  perforated  metal.  The  perforated 
metal  will  consist  of  .0625"  dia. 
holes  on  .125"  centers.  This  should 
afford  approx.  60  db  of  shielding 
effectiveness.  The  front  panel 
will  have  1.75"  screw  spacing.  All 
metal  to  metal  contacts  will  be 
paint-free,  iridited  surfaces 

The  connectors  will  be  mounted  on  a 
paint-free,  iridited  surface 


Potentiometers  The  speaker  volume  control  potentio¬ 

meters  will  employ  rf  gasketing 
material  to  reduce  rfi.  The  rf 
gasket,  in  the  manner  used,  will 
afford  a  shielding  effectiveness 
of  from  20  db  to  40  db  at  1000  me 
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(8)  TTY  power  converter 

Interference  Source 

AC  to  DC  and  DC  to  AC 
Converter 


(9)  Shelter  accessories 
Bell 


Buzzer 


Door  Viewer  (to  in¬ 
spect  personnel  re¬ 
questing  admittance 
to  the  shelter) 


Fix 

The  power  lines  to  these  units  will 
be  filtered  as  the  input  lines. 

While  little  control  can  be  exercise i 
over  the  radiated  interference  of 
the  interim  units,  the  militarized 
units  will  certainly  meet  Mil-l-l!‘*r 


The  doorbell  will  be  housed  in  a 
perforated  metal  enclosure  afford¬ 
ing  rfi  suppression.  The  perforat¬ 
ed  metal  will  consist  of  .0625"  dia. 
holes  on  .125"  centers.  This  should 
afford  approx.  60  db  of  shielding 
effectiveness 

The  buzzer  will  be  housed  in  a 
perforated  metal  enclosure  afford¬ 
ing  rfi  suppression.  The  perforat¬ 
ed  metal  will  consist  of  .0625"  die. 
holes  on  .125"  centers.  This  should 
afford  approx.  60  db  of  shielding 
effectiveness 

Filters  may  be  used  in  the  power 
lines  to  the  buzzer 

The  door  viewer  is  2.1  inches  long 
with  a  .350"  Inside  diameter.  Based 
on  the  approx,  formula:  db  -  32  L/d, 
this  unit  should  afford  In  excess 
of  100  db  attenuation 
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interference  Source 
Mai  1  slot 


(10)  Local  remote  unit 
(a)  Local  unit 

1.  Electrical  considerations 

RF  introduced  on  incom¬ 
ing  audio  land  I ines 
and  key  lines  from  the 
remote  uni t 

Keying  relay 

Pickup  from  unshield¬ 
ed  handset  cord  intro¬ 
duced  into  the  unit 

2.  Mechanical  considerations 
Case 

Front  Panel 


Fix 

The  interior  side  of  the  mail  slot 
will  have  a  spring-loaded  flap;  and 
the  exterior  side  of  the  mail  slot 
will  have  a  watertight  spring-load¬ 
ed  flap  with  quick  release  fasten¬ 
ers.  This  will  afford  virtually 
the  same  rfi  integrity  as  the  con¬ 
tinuous  shelter  skin 


Filter  all  incoming  lines  using 
fee ''-through  capacitors.  The  feed¬ 
through  capacitors  are  suited  for 
2  -  30  me  interference  reduction. 

A  20  to  35  db  attenuation  can  be 
rea 1 1 zed 

T*e  placement  of  a  diode  across  the 
relay  coil  will  suppress  transients 

The  incoming  handset  leads  will  be 
filtered  with  feed-through  capaci¬ 
tors 

The  case  will  be  a  continuous 
container  made  by  folding  and 
weldirg  e  single  piece  of  metal 

The  front  nanel  will  be  single, 
heavy  cast  aluminum  piece 
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(bi  Remote  uni  t 


Interference  Source 


Fix 


I.  Susceptibl I i ty  cons {derations 


RF  introduced  on  incom¬ 
ing  audio  lend  lines  and 
the  interconnecting  key 
I  ine 


All  incoming  lines  will  be  filtered 
by  using  feed-through  capacitors. 
The  feed-through  capacitors  wili 
provide  20  to  35  do  attenuation 
over  the  2  to  30  me  band;. 


Rf*  introduced  by  the  Feed-through  capacitors  will  be 

use  of  a  handset  with  used  to  filter  the  incoming  hand- 

i 

an  unshielded  cord  set  lines 


2.  Mechanic.  I  considerations 

Case  The  case  will  be  a  container  made 

from  a  single  folded  and  welded 
piece  of  metal 

Front  Pane)  The  front  panel  will  be  a  single, 

heavy  cast  aluminum  piece 


c .  Cabling  and  wiring  of  the  shelter 
(I)  Method  for  cable  construction 

(a)  Shielding 

I.  All  cables,  both  power  and  signal,  will  be  double  shielded. 

The  shield  will  not  be  used  to  can,  any  signal  or  power  re¬ 
turn,  or  any  currant. 

(b)  Grounding 

1.  Where  applicable,  grounding  washer  with  evenly  distributed, 
flared,  soldered  shield  method  will  be  used. 

2.  In  case?  where  the  grounding  washer  cannot  be  used,  the  shield 
will  be  carried  by  a  pin  through  the  connector  to  ground. 
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(d)  Insulation 


1.  The  shielded  cable  will  have  ?n  overall  insulating  sheath 

(2)  Shelter  ground  system 

(a)  Bus  bar 

1.  A  bus  bar,  consisting  of  a  piece  of  copper  bar,  3/8“  by  3/**“ 
in  cross  section,  will  be  used  for  a  common  ground  for  all 
uni ts  i n  the  shel ter 

2.  The  bus  bar  will  be  insulated  from  the  shelter  skin  by  use 
of  standoffs.  Only  one  point  will  be  grounded.  This  point 
will  be  the  grounding  stud  facility  which  protrudes  to  the 
cuts i de 

(b)  Ground  stake 

1.  The  ground  stake  will  be  five  feet  in  length 

2.  A  six-foot  ground  strap  will  be  fixed  to  the  ground  stake 
for  connection  to  the  shelter  ground  stud 

(3)  Shelter  racks 

(a)  The  shelter  racks  should  provide  approximately  5  to  10  db  of 
attenuation 

(b)  Filters 

1.  The  shelter  reck  air  ducts  shell  Incorporete  wave  guide  be¬ 
low  cutoff  filters  et  the  intake  end  exhaust  ports.  These 
filters  w  *  1 1  provide  e  shielding  effectiveness  of  at  least 
70  db  for  all  frequencies  below  cutoff,  which  will  be  24 
gigecycles 

(4)  Shel ter 

(a)  The  shelter  door  shall  have  compressible  rfi  gasketing  around 
its  perimeter.  This  gasketing  will  be  bonded  to,  and  will 
mate  to  paint-free  iridited  surfaces 
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(b)  It  is  anticipated  that  the  shelter  enclosure  itself  will  provide 
approximately  20  db  attenuation. 

1-38.  RFI  Design  Plan  for  Government  Furnished  and  Contractor  Purchased  I  terns 

The  status  of  the  above  items  regarding  their  rfi  capability  has  been 

advised  in  USAELRDL  letter  SELRA/ (  )-  specify  contract  number _  . 

dated _ . 

a_.  S- (  )  Shelter  -  The  shelter  has  not  specifically  been  de¬ 

signed  to  meet  Mi  1- I- 1 1 7488.  Tests  to  determine  the  rf  shielding  integrity 
have  only  been  made  from  26  me  up.  Attenuations  were  never  less  than  20 
db.  For  the  purpose  of  the  AN/GRC- (  ),  we  are  considering  20  db  in 

the  2  -  30  me  range  to  be  a  typical  figure. 

b, .  AN/TGC- (  )  -  Complies  with  Mi  1-1- 16910  (Navy^ J  does  not  comply 

with  Mi  1-1- 1 1748B  Case  and  Cable  Radiation,  Class  111  a  requirements,  in 
the  frequency  range  of  14  to  150  kc.  Fails  Mi  I- i- 1 17488  by  32  db  at  14  kc. 

c.  AN/TGC- (  )  -  No  rfi  data  available,  ><as  not  evaluated  by 

USAELRDL.  Same  as  AN/TGC-(  ) except  for  additional  features. 

4*  8EH-9-A-60  -  Not  tested  for  rfi.  (A  similar  version,  the  CE-6- 

A-60,  failed  rfi  tests.) 

±.  H-37  -  Engine  and  charging  system  comply  with  Mi  1-1-10379.  Due 

to  the  delay  In  receiving  the  information,  a  comparison  ha;  yet  to  be  made 
with  Mi  1-1-1 17^6. 

£.  Trailer  Generator  -  Engine  Is  a  MIL-STD  Model  4A084  anc  m  cs 
Mi  I- 1- 1 16836.  Alternator  Is  a  Electric  Company  Model 

5660  and  will  be  manufactured  to  meat  Mi  1-1-1 16838. 

£.  H-33F-PT  -  No  rfi  data  available  -  may  be  susceptl ble  to  0.1  v/m 
rf  fields  as  required  by  Ml  1-1-1 17486. 

£.  H-29/U  -  No  rfi  data  available  -  may  be  susceptible  co  H  fields 

in  the  audio  range  and  to  0.1  v/m  rf  field  as  required  by  Mi  1- 1- 1 1 7486. 

j..  RT- (  )  -  The  RT-(  }  is  designed  to  meet  SCL- (  ). 

This  specification  calls  for  Mi  1-1-1 1748A  (rot  8)  and  only  in  part.  For 
example,  there  is  no  susceptibility  requirement. 
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Section  VI.  ELECTROMAGNETI f.  COMPATIBILITY  TEST  PLAN 


1-39-  EMC  Test  Plan 

The  following  Electromagnetic  Compatibility  Test  Plan  is  a  typica 
example  of  a  good  emc  test  plan  submitted  to  the  Department  of  the  Army 
by  an  electronic  manufacturer. 


Date 

Report  Nc. 

ELECTROMAGNET! C  COMPATIBILITY 
TEST  PLAN 

FOR  SER.  NO. 

RFI  Specification  MIL-I- 

Issue  DATED 

Equipment  Specification 

Issue  OATED 


Contract  No 


TESTS  TO  BE  PERFORMED  BY 
Prime  Contractor 
RFI  Test  Laboratory 

NOTE  -  If  rfi  tests  are  to  ba  performed  by  a  commercial  testing 
organization,  a  complete  brochure  describing  that  company's  test 
facilities  and  capabilities  must  be  attached  to  this  document. 

Figure  1-33.  Electromagnet! c  Compatibi 1 i ty  iust 
Plan  Cover  Sheet 


Da  te 

Report  Nc*. 
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’ .  GENERAL 


1 . 1  Scope 

This  procedure  specifies  the  tests  to  be  made  to  determine  compliance 
of  the  equipment  or  system  under  test  to  Military  Specifications  on  radio 
frequency  interference. 

1 .2  Reference  Specification 

a.  Specification  MIL-1- _ (Class  D  I  D  1 1  Q  1 1  1  P  Other . 

equipment)  shall  be  adhered  to  in  all  tests  performed. 

b.  Specif ication  SCR _  is  the  governing 

technical  requirement  for  equipment  under  test. 

c.  Other _ 

1 .3  Data  Sheets 

a.  All  data  will  be  recorded  on  Data  Sheets. 

b.  Sample  Data  Sheets  are  Included  in  this  procedure  and  are  pages 

of  the  Oata  Sheet  section  of  this  procedure. 

c.  An  Equipment  Log  and  Operational  Log  are  also  Included  and  are 

pages  and  of  the  Data  Sheet  section 

of  this  procedure. 

d.  Appropriate  Data  will  ba  plotted  graphically-  These  graphs  will 

be  made  to  resemble  those  of  Figures _ of  M I L- 1  - 

or  as  shown  In  Figure  — _________  of  this  procedure. 

e.  For  any  system  utilizing  more  than  one  receiver  and  transmitter 
or  any  combination  thereof,  a  radio  frequency  spectrum  chart 
shall  be  prepared  and  become  part  of  the  test  plan.  See  appen¬ 
dix  for  suggested  method. 

2.  TEST  EQUIPMENT  AND  FACILITIES  REQUIRED 

2 . 1  Test  Area 

All  tests  in  tnis  procedure  shall  be  performed  in  an  interference 
fre>*  te  t  area.  It  is  desirable  that  the  ambient  interference  level 
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during  these  tests,  measured  with  the  test  sample  de-energized,  be  at 
least  6  db  below  the  allowable  specification  limit.  However,  in  the 
event  that  at  the  time  of  measurement  the  levels  of  ambient  interference 
plus  test  sample  interference  art*  not  above  the  specification  limit,  the 
test  sample  shall  be  considered  to  have  met  the  specified  requirements. 

All  non-radiation  type  tests  may  be  performed  in  a  shielded  enclosure. 

2.2  Test  Equipment  (Noise  and  Field  Intensity  Meters) 

Manufacturer  &  Model  No.  Series  Nos,  (one  each)  Last  Date  of 

Cal ibratlon 

List  all  noise  and  field 
intensity  meters  and 
associated  antennas. 

2.3  Miscellaneous  Test  Equipment  (List  If  Required) 

a.  Audio  Oscillator,  50  to  20,000  cycles.  Indicate  output  Im¬ 
pedance  and  level. 

b.  Audio  amplifier  capable  of  delivering  3  volts  rms  into  5  ohms 
over  a  range  of  50  to  20,000  cycles  (35  to  50  watts). 

c.  AC  Voltmeter,  Rar.qe 

d.  Audio  Induction  probe 

e.  RF  signal  generators  to  cover  the  range _ kc  to _ kmc. 

with  an  output  level  of  microvolts  and 

output  impedance  of  50  ohms* 

f.  Low,  high,  band  pass  and  band  rejection  filters  as  required. 

g.  Directional  couplers,  rf  samplers  and  attenuators  as  required. 

h.  Line  Impedance  stabilization  networks  necessary  to  comply  with 

specification  (sea  MIL-1-  par. _ ). 

I.  Monitoring  oscilloscope,  plotter,  x/  or  linear*. 

3*  TEST  SETllF  AND  CALIBRATION  OF  TEST  EQUIPMENT 
3* I  Test  Specimen 

a.  The  general  arrangement  of  the  test  sample  and  Interconne  --ting 
cables  shall  simulate  actual  Installation  insofar  as  practi*  I. 
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The  position  on  the  ground  plane  shall  be  indicated  in  figure 

_ of  thi?  procedure.  Where  equipment  size  exceeds 

ground  plane  dimensions,  or  when  more  than  two  line  impedance 
stabilization  networks  are  used,  the  arrangement  shall  be  as 
close  as  possible  to  above. 

b.  The  test  sample  modes  of  operation  and  control  settings  shall 
be  chosen  as  those  expected  to  produce  maximum  interference 
or  susceptibility.  Specify  modes  of  operation  in  Table 
_  of  this  procedure. 

c.  Any  dummy  antenna  used  shall  simulate  as  closely  as  possible 
the  electrical  characteristics  of  the  system  antenna,  and 
shall  be  capable  of  handling  the  system  output  power. 

3*2  Test  Equipment 

a.  The  antenna  of  the  radio  interference  meter  shall  be  positioned 

as  directed  in  Figure _  of  MIL-1- _ . 

b.  The  detector  function  to  be  used  on  all  broad-band  and  pulsed 
cw  interference  will  be  PEAK  for  the  NF-205,  NF  II2-FIH  and  CFI . 

CW  interference  will  be  measured  with  the  NF-205  in  the  CARRIER 
position,  and  the  FIM  in  the  AVERAGE  position. 

c.  All  test  equipment  shall  be  periodically  checked  and  calibrated 
in  accordance  with  manufacturer's  instruction  materia!. 

d.  Above  21  gc;  Polarad  Model  "R"  receiver  will  be  employed. 

Specific  instructions  for  Its  use  will  be  Included  as  part 
of  this  procedure. 

TEST  OPERATION 

4.1  Conducted  RF  Interference  (All  classes  of  equipment) 

a.  With  the  test  sample  connec ted  f i qu re  connect  the 

Empire  Devices  NF-205  to  the  50-ohm  output  of  the  stabi I izat ion 
network  in  the  line  indicated  in  the  table  below.  Operate  the 
system  in  Mode _ Table  No. _  indicates 

3. 
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control  settings  for  each  mode,  scan  the  frequency  range  150 
kc  to  65  me.  and  enter  the  results  on  Data  Sheet.  The  30  ft. 
antenna  cable  supplied  with  the  NF-205  shall  be  used  to  connec* 
the  noi^e  meter  to  the  line  stabi I ization  network.  All  unused 
stabilization  networks  shall  be  terminated  in  50  ohms. 

Stabilization  Network  in  Line 
Network  No.  Line  Function  Network  Code  No. 


b.  Repeat  4.1. a.  with  the  system  operating  in  (all  other  specified 
modes) . 

c.  This  data  for  each  line  shall  be  plotted  on  figures _ 

M I L- I -  to  determine  acceptability  by  conparison 

with  the  "Limits"  tables  and/or  curves. 

4.2  Radiated  Interference  (All  classes  of  equipment) 

a.  With  the  system  connac tad. f I gu re  .  connect  the 

appropriate  antenna  to  the  interference  measuring  instrument. 

Operate  the  system  In  Mode _  and  place  antenna  in  spec  I  flee 

position  (figure  of  this  procedure).  Scan  the  fre¬ 
quency  range  kc  to  kmc,  and  enter  results 

on  Oata  Sheet. 

b.  The  interference  measuring  instrument  shall  be  slowly  tuned 
through  each  frequency  octave  and  at  least  three  frequencies 
par  octave, at  which  maximum  interference  either  cw  or  broad¬ 
band  Is  obtained,  shall  be  selected  as  test  frequencies.  (Note 
on  Oata  Sheet)  In  addition,  particular  notation  shall  be  made 
of  cw  Interference  levels  at  the  following  frequencies  and 
their  harmonics: 
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(Those  frequencies  and  their  tolerances  which  are  unique  to 
the  system  under  t,st.  They  are  dependent  upon  circuits  within 
the  system  having  a  tendency  to  radiate,  such  as  frequency  multi¬ 
pliers,  crystal  saver  circuits,  beat  frequency  oscillators, 
local  osciiiator  frequencies  and  harmonics.) 

This  data  shall  be  plotted  on  figure _ Hi  L-  I- 

to  determine  acceptability  by  comparison  with  the  "Limits. 11 

c.  Repeat  4. 2. a.  with  appropriate  antenna  in  (all  other  specified 
pos i tions) . 

d.  Repeat  4. 2. a  and  4.2.b  with  system  operating  in  (all  other 
modes) . 

4.3  RF  Radiated  Susceptibility  Class  la  and  Ilia 

a.  Connect  the  rf  signal  generator  and  test  antenna  as  shown  in 
figure  H I L- I -  Place  the  test  antenna  in 

specified  position  (figure  this  procedure).  Operate 

the  system  in  Mode  With  specified  input  to 

the  test  antenne^end  producing  O.lv/m  field  Intensity  as  measured 
at  the  receiving  antenna  and  at  the  distance  specified  below, 
direct  the  rf  energy  In  turn  to  every  face  of  the  test  specimen. 
Modulate  the  rf  signal  source  with  signals  which  develop  the 
maximum  susceptibility  of  the  test  specimen.  Complete  table 
below  as  required.  No  change  in  Indication,  malfunction  or 
degradation  of  performance  shall  be  produced  In  any  equipment. 
Define  degradation  of  performance.  Enter  observations  on 
Data  Sheat. 

Source  Output  Frequency  Type  Hod  Antenna  Tvoe  Test  Distance 
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5. 


b.  Repeat  4. 3. a  with  system  operating  In  (all  other  specified 
modes) . 

4.4  RF  Conducted  Susceptibility  (power  or  non  signal  lines)  Class  la 

and  Ilia 

a.  Connect  the  rf  signal  generator  to  the  rf  connector  of 

stabilization  network  in _ power  input  lead.  The  out¬ 

put  of  the  signal  generator  shall  be  100,000  microvolts  rms 

with  specified  modulation.  Operate  the  system  in  Mode _ . 

No  change  in  indication,  malfunction  or  degradation  of  per¬ 
formance  of  the  system  shall  be  produced  as  the  signal  gen¬ 
erator  is  tuned  through  the  range  150  kc  to  65  me.  Note  on 
Date  Sheet  any  observations;  also  record  the  output  level  of 
the  susceptible  signal. 

b.  Repeat  4. 4. a.  for  (all  other  specified  power  input  leads). 

c.  Repeat  4. 4. a.  and  5*4. b.  for  (all  other  specified  system 
modes  of  operation). 

4.5  AF  Conducted  Susceptibility  (Class  la  and  Ilia) 

a.  Apply  sine-wave  signal  of _ v  to _ v  rms  into 

power  input  lead  of  system  as  shown  In  figure _ . 

Operate  the  system  In  Mode  No  change  In  indication, 

malfunction  or  degradation  of  performance  shall  be  produced 
as  tre  frequency  of  the  signal  is  varied  from  56  -  20,000  cycles. 
Note  on  Oeta  Sheet  any  observations.  Also  record  output  level 
of  susceptible  signal. 

b.  Repeat  4. 5. a.  for  (all  other  specified  power  input  leads). 

c.  Repeat  4. 5. a  and  4.5.b.  for  (all  other  specified  system  modes 
of  operation) . 

4.6  Front  End  Rejection  (Receivers  only) 

a.  Connect  the  signal  generator  as  shown  in  figure _  to 

the  input  of  the  receiver  of  the  system  under  test  with  a  50** 
ohm  cable.  The  signal  generator  output,  when  tuned  to  the 
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receiver  frequency,  which  gives  the  minimum  perceptible  read¬ 
ing  above  receiver  background  noise, shall  be  noted  at  each  end 
and  center  of  the  tunable  range  of  the  receiver.  (The  signal 
generator  may  be  modulatec  for  convenience.)  Operate  the 
system  in  Mode _  and  record  on  Data  Sheet  as  V.,  read¬ 

ings  taken  in  all  modes  for  the  three  frequencies  specified 
above.  Perceptible  signal  above  receiver  background  noise 

S  +  N 

may  be  established  as  — =  10  db 


V 


1 


Front  End  Rejection 


¥2 

20  log  -rp- 
V1 


Signal  generator  voltage  required  for  minimum  perceptible 
receiver  output  at  frequency  under  test. 


V2  -  Signal  generator  voltage  required  for  minimum  perceptible 
receiver  output  at  all  other  frequencies. 

(Note:  If  appropriate  filter  networks  are  not  available, 
allow  for  signal  generator  harmonics  when  evaluat¬ 
ing  response  at  points  away  from  receiver  setting.) 

b.  With  the  receiver  tuned  to  the  low  end  of  the  tunable  range 
and  the  system  in  specified  mode,  note  signal  generator  output 
necessary  to  give  minimum  perceptible  receiver  output  from 
________  kc  to  ______  tone.  Enter  on  Data  Sheet  as  Vj  the 

output  at  each  octave,  except  near  receiver  tuned  frequency, 
where  reedings  shall  be  taken  often  enough  to  permit  preparation 
of  an  accurate  response  curve. 

c.  Repeat  4.6.b.  with  system  operating  In  (all  other  specified 
modes) . 

d.  Repeat  4.6.b.  and  4.£.c.  for  (center  frequency). 

e.  Repeat  4.6.b.  and  4.6.c.  for  (high  end  of  tunable  range) . 


f.  This  data  for  Front  End  Rejection  shall  be  plotted  on  graph 
paper  to  determine  acceptability  by  comparison  to  the  "Limits" 
of  MIL- I- 

-  7. 
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4.7  Intermodulation  (Narrowband) 


a.  Operate  the  system  in  Mode _ ,  and  connect  two  rf 

signal  generators  simultaneously  to  the  antenna  input  of  the 

system  receiver  as  shown  in  figure _ .  Adjust  the 

output  of  each  signal  generator  to  100  db  above  1  microvolt 
at  the  antenna  input.  Modulate  one  signal  generator  30%  at 
400  cycles,  and  the  other  30%  at  1,000  cycles.  Tune  one 
signal  generator  to  a  frequency  above  that  of  the  receiver 
(f I  *  ^rec  +  V  »  an<^  t^ie  ot*ier  to  a  frequency  lower  (fj  *  f 

-fy).  These  frequencies  shall  be  chosen  such  that  their  sum 
or  difference  equals  the  receiver  frequency,  and  neither  will 
give  an  output  when  applied  alone. 

b.  Repeat  4.7*a.  with  the  system  operating  in  (all  other  specif ie« 
modes) . 

c.  Repeat  4.7*«*  and  4.7*4.  above,  with  the  receiver  connected 
into  the  system,  and  the  rf  signals  fed  into  the  directional 
coupler. 

4.8  Ultarrodulitian  (Broadband) 

a.  Operate  the  system  In  Mode  and  connect  the  standard 

Impulse  generator  to  the  receiver  input  by  means  of  a  30-ohm 
cable  terminated  with  a  10-db  pad.  Adjust  the  output  attenuato 
of  the  impulse  generator  for  minimum  perceptible  receiver  out¬ 
put.  Record  impulse  generator  output  in  dbmc. 

b.  Measure  and  record  receiver  local  oscillator  (to)  voltage  ac  tn 
input  to  the  mixer  circuit.  Use  a  high  input  impedance  de¬ 
vice  of  at  least  several  megohms  or  greater.  If  the  test 
specimen  is  of  a  multiple  conversion  type,  then  measure  and 
record  each  lo  voltage. 

c.  Disable  each  lo  and  inject  into  the  mixer  circuit  a  60 
cycle  voltage  or  current  equal  to  the  values  obtained  in  b. 
above . 

8. 
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d.  After  determining  that  the  receiver  is  functioning  properly, 
increase  the  output  of  the  impulse  generator  until  the 
minimum  perceptible  receiver  output  is  again  obtained.  Re-  ' 
cord  the  impulse  generator  output  In  dbmc.  This  generator 
setting  in  db,  less  the  original  setting  in  ^b,  is  the  receiver 

broadband  rejection  in  db.  Compare  results  with  MIL-1- _ 

requi remen ts. 

4.9  Antenna  Conducted  (Class  I  equipment  only) 

4.9.1  Key-Up 

a.  Operate  the  system  in  Mode _ .  Connect  the  interfer¬ 

encemeasuring  instrument  to  the  system  antenna  (transmitter 

output)  as  shown  in  figure _  and  scan  the  frequency 

range  _ kc  to _ kmc,  for  any  rf  out¬ 

put.  At  least  3  readings  per  octave  shall  be  taken;  and  also 
the  nature  of  the  output  (i.e.,  broadband  or  cw)  shall  be  re¬ 
corded  on  Data  Sheet. 

b.  Repeat  4.9*1  ••  with  system  operating  in  (all  other  specified 
modes) . 

c.  Repeat  4.9.1.  a  and  4.9.1,  b .  with  interference  measuring  In¬ 
strument  connected  to  receiver  input  terminals.  If  common 
antenna  terminals  are  used  for  both  trans-  and  receiver,  oper¬ 
ate  receiver  with  trans-  shut  off. 

d.  This  data  shall  be  compared  to  the  limits  of  MIL- I- _ 

to  determine  acceptability. 

4.9.2  Kay  Down 

a.  See  figures _ for  test  set-ups.  The  transmitter 

shall  be  operated  Into  a  dummy  load.  A  suitable  coupling  de¬ 
vice  shall  be  used  to  sample  the  transmitter  output  and  pro¬ 
tect  the  measuring  equipment.  Attention  should  be  given  to 
oscillator  frequency  and  harmonics,  outputs  from  frequency 
multipliers  and  crystal  saver  circuits,  beat  frequency  oscil- 
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iators,  etc.  Spurious  emanations  shall  be  below  the  funda- 

r, 

mental  by  the  value  specified  in  MIL- 1- _ _  through¬ 
out  the  frequency  range.  kc  to  kmc. 

b.  IrSfirt  suitable  coupling  device  in  ser’es  nith  the  anter.na 
line  cf  the  system  and  the  rfl  measuring  equipment.  Measure 
the  fundamental  power,  frequency  and  record  on  Data  Sheet. 
Fundamental  power  may  be  expressed  as  db/lpv  for  500  kw  systems. 

c,  Connect  an  appropriate  spectrum  analyzer  to  the  directional 
coupler  output  or  sampler  device  and  photograph  output  spectrr 
at  the  fundamental  frequency.  Compare  data  to  equipment  or 
system  specification  requirements. 


10. 
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1-40.  Appendix  to  EMC  Test  Plan 

The  following  appendices  and  sample  data  sheets  are  part  o'  the 
EMC  Test  Plan. 


APPEND iX  A 
TEST  PROCEDURE 

MODES  OF  EQUIPU  OPERATION 
Operating  mode  of  systom  under  test  vs.  test 

4.1  Conducted  Interference 

4.2  Radiated  Interference 

4.3  RF  Radiated  Susceptibility 

4.4  RF  Conducted  Susceptibility 

4.5  AF  Conducted  Susceptibility 

4.6  Front  End  Rejection 

4.7  Intermoduiation  Narrowband 

4.8  Intermoduiation  Broadband 

4.9  Antenna  Conducted 

4.9.1  Key  Up 

4.9.2  Key  Down 

Note:  For  eech  test  indicated  above  specify  methods  of  loading, 
triggering,  operation  of,  and  control  settings  on,  test  sample 
which  will  produce  maximum  interference  and  susceptibility. 


II. 
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APPENDIX  B 


TEST  REPORT 

A  test  report  conforming  to  Specification  MIL-T-9107  shall  be  submitted 
to  the  procuring  a.-.tivity  prior  to  submission  of  the  development  model  for 
acceptance.  In  addition  to  the  requirements  in  Specification  MIL-T9I07, 
the  test  report  shall  include  the  following  details  of  testing: 


a. 


b. 


c. 


d. 


e. 


f. 


9- 


h. 


i. 


J* 


k. 


I. 


m. 


n. 


o. 


P- 


q- 


Approved  test  plan  as  referenced  herein. 

Nomenclature  of  interference  measuring  equipment. 

Date  of  last  calibration  of  interference  measuring  equipment. 

Detector  functions  used  on  interference  measuring  equipment. 

Internal  noise  level  of  instrument  at  each  detector  function 
used  at  each  test  frequency. 

Descriptions  of  procedures  used. 

Measured  line  voltages  to  test  sample. 

Test  frequencies. 

Method  of  selection  of  test  frequencies. 

Type  of  interference  measured. 

Measured  level  of  interference  and  susceptibility  at  each 
test  frequency. 

Specification  limit  at  each  test  frequency. 

Graphs  showing  Items  (e) ,  (h) ,  (k)  and  (I). 

Photographs  of  test  set  ups  and  test  sample. 

Sample  calculations  (showing  how  item  (k)  was  obtained  for 
each  antanna  used) . 

Screened,  inclosure,  size  and  test  data  indicating  compliance 
with  MIL-STD-285. 

Description  and  ambient  profile  data  of  interference  free 
area. 

12. 
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r.  Measured  impedance  of  line  stabilization  network. 

s.  The  test  sample  shall  be  completely  identified  in  the  test 
report  with  complete  nomenclature,  manufacturer,  and  serial 
number.  All  suppression  work  performed  on  the  test  sample 
during  the  interference  tests  shall  be  fully  described  in 
words  as  well  as  by  the  test  data  in  the  report. 


13. 
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EQUIPMENT  LIST 
RADIO  INTERFERENCE  TESTS 

DATA  SHEET  NO. 


CAL  I  BRAT I  ON 

TEST  PERFORMED  EQUIPMENT  USED  SERIAL  NO.  DATA 


IH1212-301 


Figure  1-34.  Equipment  List 
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SUSCEPTIBILITY  DATA 
SHEET  NO. _ 


EQUIPMENT  UNDER  T'  ST 

SERIAL  NUMBER _ 12 

MODE  OF  OPERATION _ 

SIGNAL  GENERATOR  USED 

SERIAL  NUMBER _ 1 

FREQUENCY  RANGE _ 


TEST  DATE _ 

OPERATOR _ 

WITNESS _ ’ 

TYPE  OF  TEST 

RADIATED  C3 
CONDUCTED □ 
LINE 

TEST  CONDITION _ " 


TFST 

FREQUENCIES 

THRESHOLD 

SIGNAL 

LEVELS 

OUTPUT 

LEVEL 

SPECIFICATION 

SIGNAL 

LEVELS 

DESCRIPTION  OF 
RESPONSE 

F2 

—  ■  j 

_ _ _ -  --j 

REFERENCE: 

FIG.  NO. 

inme-308 


Figure  1-35*  Susceptibility  Dete  Sheet 
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INTERFERENCE  DATA 
SHEET  NO. 


CHAPTER  2 

GROUNDING,  BONDING  AND  SHIELDING  OESlGN  THEORY  AND  PRACTICE 
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Section  I.  INTRODUCTION 


2-1.  Interference  Control  Philosophy 

There  are  tv.1©  approaches  to  the  reduction  of  interference:  initial  de¬ 
sign  for  optimum  interference  reduction  (from  electro  me  equipment  design 
through  final  production)  and  application  of  remedies  interference  control 
measures  after  equipment  has  become  operational.  0*  ♦‘hese  approaches,  the 
former  is  preferred.  The  initial  design  approach  en  mis  early  determina¬ 
tion  of  interference  generation  and  susceptibility  characteristics  of  a 
particular  piece  of  ecuipment  in  its  operational  environment,  based  upon 
equipment  function,  configuration,  and  performance  and  interfer  t.nce  speci¬ 
fications.  The  equipment  is  then  designed  to  meet  both  these  performance 
and  interference  requirements.  When  equipment  is  in  the  breadboard  stage, 
interference  analysis  and  tests  can  be  performed,  and  a  preliminary  inter¬ 
ference  and  compatibility  evaluation  made.  From  such  an  evaluation,  a  re¬ 
alistic  determination  can  be  made  of  whether  additional  interference  reduc 
tion  design  measures  are  needed.  Following  any  modifications,  equipment 
is  retested,  and,  if  acceptable,  released  for  production. 

2-2.  Interference  Reduction  Design  Techniques 

£.  The  primary  method  of  control  is  efficient  circuit  design,  maximiz¬ 
ing  the  energy  in  intelligence-bearing  signals  and  minimizing  spurious  en¬ 
ergy.  All  technical  characteristics  of  the  device  must  be  considered. 
Shielding,  filtering,  bonding,  and  isolation  of  the  Interference-producing 
unit  are  means  useful  in  the  circuit  design.  To  maintain  shielding  integ¬ 
rity,  all  lines  entering  or  leaving  enclosures  must  be  decoupled  by  suita¬ 
ble  filters.  These  may  consist  of  simple  feedthrough  capaci tors  or  more 
complex  inductance-capacitance  networks.  Induction  and  radiation  fields 
can  be  contained  within  equipment  enclosures  by  having  equipment  cases  of 
adequate  thickness  (with  joints  welded  or  otherwise  continuous)  and  by  hav 
ing  spring-contact  fingers  or  conducting  gaskets  on  the  periphery  of  remov 
able  covers  or  doors.  In  the  presence  of  strong  radiation  at  a  fixed  fre¬ 
quency,  such  as  microwave  energy  from  a  radar  transmitter,  tuned  filters 
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In  the  receiver  entenne  circuit  ere  often  quite  effective.  One  of  the 
best  techn’ques  for  minimizing  interference  et  low  frequencies  is  to 
use  bonding  straps  to  connect  points  so  that  they  ere  et  the  same  poten¬ 
tial.  Such  a  bond  prevents  currents  and  spark  discharges  from  one  point 
to  another.  At  microwave  frequencies,  however,  bond  straps  begin  to  lose 
their  effectiveness  as  suppression  mease 'es  because  bond  straps  have  high 
impedance  at  these  frequencies. 

J>.  Interference  control  at  the  source  is  achieved  by  confining  and 
dissipating  interference  energy  being  generated  so  that  i t  cannot  reach 
susceptible  circuits  or  equipment  by  conduction,  induction,- or  radiation. 
Designers  should  analyze  causes  of  variations  in  electromotive  forces  and 

i 

impedances,  eliminate  those  that  are  not  essential  to  proper  operation  of 
the  equipment,  and  reduce  essential  ones  to  the  absolute  minimum.  Some 
of  the  more  typical  categories  of  interference  that  can  be  suppressed  at 
the  sourcejtnd  the  standard  methods  for  suppressing  them  are: 

1)  Interfering  components  —  replace  with  components  that  do  not 
cause  interference 

2)  Interfering  components  can  be  relocated  to  areas  within  an 
equipment  where  their  interference  effects  are  diminished 

3)  Interference  components  can  be  shielded,  and  lines  entering 
the  shield  enclosure  can  be  filtered 

4)  Interference  coupling  —  rewire  device,  where  possible,  to 
isolate  Interference  carrying  conductors  from  output  conduc¬ 
tors 

5)  Conductor  radiation  —  keep  interference  carrying  conductors 
as  short  as  possibla 
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Section  I  I  .  GROUNDING 


2-3.  General 

Th<s  section  examines  various  grounding  techniques  that  should  be  used 
by  designers  during  the  design  of  electrical  and  electronic  equipment. 
During  the  design  stages,  establishment  of  definite  and  systematic  cable, 
wiring,  and  equipment  grounding  procedures  will  ensure  minimal  interfer¬ 
ence  difficulty  after  installation.  It  will  also  minimize  the  need  for 
additional  interference  suppression  after  the  equipment  becomes  operation¬ 
al.  Although  it  is  not  possible  to  have  a  set  of  fixed  rules  governing 
the  grounding  of  electronic  or  electrical  circuits  or  equipment,  the  guide¬ 
lines  presented  here  can  be  adapted  by  the  design  engineer  to  particular 
grounding  problems  encountered. 

a.  Grounding  Plane  Requirements.  A  good,  basic  ground  plane  is  the 
foundation  for  obtaining  reliable,  interference-free  equipment  operation. 

An  ideal  ground  plane  should  be  a  zero-potential,  zero- impedance  body  in¬ 
tertie  system  that  can  be  used  as  a  reference  for  all  signals  in  the  as¬ 
sociat'd  circuitry,  and  to  which  any  undesirable  signal  can  be  transferred 
for  its  elimination.  Ideally,  it  must  be  able  to  absorb  all  signals  vrfiile 
remaining  stable.  An  ideal  ground  plane  would  provide  equipment  with  a 
common  potential  reference  point  anywhere  in  the  system,  so  that  no  volt¬ 
age  would  exist  between  any  two  points.  However,  because  of  the  physical 
properties  and  characteristics  of  grounding  materials,  no  ground  plane  is 
ideal,  and  some  potential  always  exists  between  ground  points  in  a  system. 

A  ground  plane  should  be  cot  strutted  of  a  low-impedance  material,  such  as 
copper,  and  be  large  enough  in  length,  width,  and  thickness  to  provide  a 
minimum  of  impedance  between  its  extremities  at  all  frequencies.  The 
ground  plane  for  a  fixed  location  plant  facility  should  consist  of  a  con¬ 
tinuous  sheet  of  expanded  copper  or  a  grid  of  copper  conductors  10'  x  10* 

0C  spacing  or  less.  The  expanded  copper  sheet  is  recommended  for  multi¬ 
transmitter  plants.  VLF  transmitters  present  special  problems  frequently 
requiring  unique  solution.  The  ground  plane  should  present  the  highest 
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capacity  possible  to  earth.  It  should  extend  continuously  under  all  equip¬ 
ment  areas  in  the  bui  Icing,  under  the  footings^nd  extend  six  feet  or  more 
beyond  the  limits  of  the  equipment  area(s).  High  power  m*;!  ti-transmi  tter 
plants  may  require  ground  radiais  extendinq  from  the  ground  plane  a  quarter 
wave  length  at  the  lowest  operating  frequency  to  permit  adequate  decay  of 
ground  currents.  The  dc  resistance  to  earth  must  be  kept  low  to  prevent 
large  changes  in  ground  plane  potential  produced  >y  conducted  or  induced 
currents  caused  by  lightning  discharge.  Ground  stakes  driven  into  the  per¬ 
manent  water  table  and  bonded  to  the  ground  plane  will  usually  provide  an 
earth  connection  of  ten  ohms  or  less.  In  extreme  ca.es,  where  ground  re¬ 
sistance  is  high  and  the  permanent  water  table  is  deep,  as  in  Jesert  areas, 
drilled  wells  may  be  required  to  provide  a  low  impedance  dc  ground.  Equip¬ 
ment  ground  tie  points  may  be  provided  by  a  conveniently  located  ground 
bus  bonded  to  the  ground  plane  by  copper  strap  at  intervals  of  six  feet 
or  less. 

b.  Grounding  Techniques.  There  are  three  fundamental  grounding  tech¬ 
niques  that  can  be  employed.  Figure  2-1  illustrates  each  of  these  tech¬ 
niques.  Theytcan  be  used  separately  or  in  combination.  They  are: 

(0  Floating  ground  Ivatam.  In  the  floating  ground  method,  the 
ground  plana  Is  completely  isolated  from  all  circuits. 

(2)  SI nol e-point  grounding  system.  In  the  single-point  grounding 
method,  a  single  physical  point  in  the  circuitry  is  designat¬ 
ed  a;  a  ground  reference  point.  All  ground  connections  are 
tied  to  this  point. 

(3)  Multipoint  grounding  system.  The  multipoint  grounding  system 
is  one  in  which  a  ground  plane  --  for  example,  an  entire  chas¬ 
sis  —  is  used  instead  of  individual  return  wires  for  each  of 
the  ci rcui ts. 
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CHASSIS  GROUND  PLANE 
A.  FLOATING  GROUND  SYSTEM. 


CHASSIS  GROUND  PLANE 


•  .  SINGLE- POINT  GROUND  SYSTEM. 


/dfc\ 


CHASSI S  GROUND  PLANE 

C.  MULTIPOINT  OROUNO  SYSTEM. 


Figure  2-1.  Ground  Systems 


g,  Ground  Connections.  A  ground  po'nt  is  the  physical  location  where 
a  circuit,  piece  of  equipment,  or  system  is  connected  to  the  ground  plane. 
The  impedance  of  a  ground  connection  s  a  function  of  such  factors  as  the 
size  of  conductors,  the  length  of  leads,  and  wiring  techniques.  If  the 
ground  connection  is  improperly  made,  it  may  be  inadequate  for  satisfac¬ 
tory  operation  of  the  circuit  and  may,  in  fact,  be  more  detrimental  to  the 
control  of  interference  than  if  there  were  no  ground  connect i i  i.  Gro'.oa- 
ing  the  rf  portion  of  the  spectrum  is  difficult  and  complex.  Its  complex¬ 
ity  varies  in  direct  proportion  to  the  operating  frequency.  Several  fac¬ 
tors  contribute  to  this: 

1)  Every  wire  has  a  definite  inductance 

2)  A  current  flowing  through  a  wire  induces  flux  around  the  wire 

3)  As  radio  frequencies  increase,  inductive  reactance  causes  cir¬ 
cuit  impedances  to  increase 

k)  The  resonant  frequencies  of  even  small  inductances  acting  with 
circuit  capacl tance  often  fall  within  the  operating  frequency 
of  the  circuit 

5)  As  radio  frequencies  increase,  skin  effect  becomes  an  important 
conside.  ation 

A  low-impedance  ground  connection  requires  the  ground  leads  to  be  as  large 
and  short  as  possible  and  to  be  securely  bonded  directly  to  the  ground 
plane.  A  representative  ground  lug  connection  and  its  equivalent  circuit 
is  shown  on  figure  2-2.  Figure  2-3A  Illustrates  a  typical  method  of  con¬ 
necting  power  and  signal  grounds.  As  the  frequency  increases,  the  induc¬ 
tance  of  the  ground  Jumper  can  become  appreciable  and,  if  the  power  or  sig¬ 
nal  circuit  contains  high-frequency  interference  currents,  they  may  be  con¬ 
ducted  through  the  ground  pin  into  the  external  wiring.  In  contrast,  fig¬ 
ure  2-3B  shows  the  proper  method  of  I  .tailing  a  ground  to  avoid  conducting 
th^.  interference  through  the  connector. 
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MUTUAL 


Figure  2-2.  Ground  Lug  Connection  and  Equivalent  Circuit 

2-4.  Distribution  of  Chassis  Potential 

A  chassis  is  not  always  at  zero-signal  potential  at  all  points.  A  typi¬ 
cal  plot  of  the  chassis-potential  of  a  ground  plane  is  shown  on  figure  2-4 
On  this  figure,  the  dark  areas  surround  ground  lugs  or  shields  in  high-volt 
age  and/or  high-current  areas  where  the  power  is  adequate  to  present  a  sig 
nal  on  the  physical  ground  plane.  Holes  or  other  I rregulari ties  tend  to  in 
crease  the  over-all  resistivity  of  a  ground  plane.  A  potential  plot,  if 
available,  would  aid  tremendously  in  determining  the  location  of  low  poten¬ 
tial  or  equipotential  points  that  can  be  used  in  grounding  smal I -signal -sen 
sitive  circuits  such  as  grid  bias  resistors.  A  matter  of  an  inch  in  th<"  lo 
cation  of  ground  points  can  make  a  difference  of  several  millivolts  in  the 
potential  between  two  ground  points.  Often  it  becomes  necessary  for  a  de¬ 
signer^  during  the  initial  stages  of  development, to  utilize  a  potential  plot 
in  selecting  ground  points.  Even  then,  if  an  adequate  but  marginal  ground- 
point  location  is  selected,  tolerances  encountered  In  production  can  result 
in  further  difficulties  so  that  a  more  discriminate  choice  of  locations  may 
be  required.  It  may  be  advantageous  at  times  to  run  a  longer  ground  wire 
to  utilize  a  cooler  location  on  a  ground  plane. 
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GROUND  *  I N 


GROUND  CIRCUIT  LEAD 


A.  METHOD  COMMONLY  EMPLOYED  IN  MAKIN8  GROUND  CONNECTIONS  IN 
ELECTRICAL  AND  ELECTRONIC  EQUIPMENT. 


GROUND  CIRCUIT 


B.  PROPER  METHOD  OF  6R0UNDIN6  FOR  MAXIMUM  INTERFERENCE  REDUCTION. 

IN1212-180 


Figure  2-3«  Grounding  Methods 
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Figure  2-4.  Typical  Ground  Potential  Graph  at  a  Specific  Fre^^ency 
2-5-  Shields 

a.  Equipment.  Grounds  for  apparatus  housed  within  a  shield  should  be 
arranged  so  that  the  shield  is  not  used  as  a  return  conductor,  in  this 
way,  the  current  that  flows  through  the  shield  is  reduced  to  a  very  small 
value  and  the  tendency  for  energy  to  leak  out  through  holes  >r  joints  in 
the  shield  is  minimized.  The  ideal  grounding  system  makes  use  of  a  ground 
bus  or  ground  plate  within  the  shield  that  is  insulated  from  the  shield  ex¬ 
cept  at  a  single  point  (ground  point).  This  ground  point  provides  the  only 
ground  connection  for  the  apparatus  within  the  shield,  as  illustrated  on 
figure  2-5. 
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Figure  2-5*  Single-Point  Ground  Bus  Arrangement 

b.  Cable  Grounding.  The  problem  of  electrical  compatibility  in  a  com¬ 
plex  electrical  or  electronic  system  is  in  many  cases  dependent  on  the 
treatment  of  the  shielding  and  the  grounding  of  the  shields  of  intercon¬ 
necting  leads.  Injudicious  application  of  a  grounded  shield  to  a  wire  may 
cause  coupling  problems  that  otharwise  would  not  exist.  Grounding  of  the 
shields  may  be  accomplished  as  single-point  or  multipoint  grounding.  Fac¬ 
tors  that  influence  the  selection  of  single-point  or  multipoint  grounding 
include  the  interference  signal  frequencies  involved,  the  length  of  the 
transmission  line,  and  the  relative  sensitivity  of  the  circuit  to  high-  or 
low-impedance  fields. 

(I)  Single-point  shield  grounding.  For  multi  lead  systems,  each 
shield  may  be  grounded  at  a  different  physical  point  as  long 
as  individual  shields  are  insulated  from  each  other.  Single¬ 
point  grounding  is  more  effective  than  multipoint  shield 
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grounding  only  for  short  shield  lengths.  Single-point  ground 
ing  is  ineffective  in  reducing  magnetic  or  electrostatic  cou¬ 
pling  when  conductor- I ength-to-wavel ength  (LA  )  ratios  are 
greater  than  0 . 1 5 »  where  the  wavelength  is  that  of  the  high¬ 
est  frequency  to  be  used  (or  the  highest  frequency  interfer¬ 
ence  to  be  expected)  on  the  wire  or  in  the  system. 

(2)  Multipoint  shield  grounding.  For  LA  ratios  greater  than 
0.15,  multipoint  grounding  at  intervals  of  0.151.  is  recom¬ 
mended,  for  the  shield  can  act  as  an  antenna  that  is  relative 
ly  efficient  at  when  one  end  is  grounded.  When  ground 

ing  the  shield  at  intervals  of  0.I5X.  i s  impracticable, 
shields  should  be  grounded  at  each  end.  Multipoint  shield 
grounding  is  effective  in  reducing  all  types  of  electrostatic 
coupling,  but  is  subject  to  failure  if  large  ground  currents 
exist.  In  general,  multipoint  shield  grounding  solves  most 
problems,  but  in  audio  circuits  single-point  shield  grounding 
may  be  more  effective  because  of  the  ground  current  problem. 

c.  Printed  Circuit  Boards.  A  requirement  often  arises  that  necessi¬ 
tates  the  grounding  of  hot  shields  on  pr inted-circui t  boards.  For  maxi¬ 
mum  shielding  and  isolation,  shields  on  printed-circuit  boards  should  be 
grounded  directly  to  the  main  chassis^  independent  of  any  grounds  located 
or  the  printed-circuit  board.  A  typical  problem  would  be  the  grounding 
of  a  shield  for  an  rf  transformer  located  on  a  printed-circuit  board. 

The  purpose  of  the  shield  is  to  prevent  stray  flux  lines  of  the  trans¬ 
former  from  coupling  into  other  circuits.  Grounding  the  shield  to  the 
printed-circuit  board  permits  the  conduction  of  stray  currents  into  the 
printed  board  circuitry,  thus  causing  secondary  interference  problems. 

The  correct  way  of  grounding  this  type  of  shield  is  directly  to  the  main 
chassis,  as  illustrated  on  figure  2-6.  The  grounding  of  the  shield  is 
completely  independent  of  the  >"est  of  the  circuitry. 
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Figure  2-6.  Direct  Use  of  Chassis  for  Good  Ground 
2-6.  Circuit  Grounding 

If  the  electronic  ground  plane  i-i  equipment  exhibits  low- impedance  char¬ 
acteristics  for  alS  frequencies  encountered  in  the  system,  it  may  be  used 
as  a  common  ground  raturn,  eliminating  the  need  for  individual  wires.  Un¬ 
der  these  conditions!  the  potential  difference  between  any  two  points  in 
the  ground  plane  should  not  be  of  sufficient  magnitude  to  cause  generation 
and/or  conduction  of  interfering  signals  to  the  input  terminals  of  sensi¬ 
tive  circuits.  However,  if  the  distances  between  two  points  are  great, 
some  potential  difference  will  exist.  These  voltages  must  be  considered 
when  defining  the  permissible  ambient  noise  level  in  the  system  and  wher. 
determining  the  expected  signal-to-noise  ratio  of  the  signal  transmission 
circuits.  Each  electronic  circuit  contributes  its  own  ground  currents. 

Any  ground  return  path  that  goes  around  corners  or  crosses  other  return 
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paths  may  cause  intercircuit  or  interstage  coupling  (fig.  2-7).  Circuits 
using  the  ground  plane  for  return  currents  may  create  a  voltage  that 
causes  interference  at  the  input  terminals  of  sensitive  circuits.  The 
magnitude  of  this  interference  voltage  is  dependent  upon  impedance  between 
the  circuit  ground  points  and  the  ground  plane^and  the  current  in  the 
ground  plane  (fig.  2-8).  The  current  (l)  of  the  low-impedance  circuit 
produces  a  potential  (12^)  ,n  the  high- impedance  circuit.  The  simplest 
and  most  direct  approach  to  this  problem  is  to  arrange  circuit  components 
physically  so  that  ground  return  paths  are  short  and  direct  and  have  the 
fewest  possible  crossings.  In  this  way^ the  intercircuit  coupling  of  these 
ground  currents  will  be  kept  to  a  minimum.  The  effect  of  ground  potential 
can  be  cancelled  by  electrically  isolating  the  circuits.  An  example  of 
this  technique  is  the  isolation  transformer  shown  on  figure  2-9-  This 
method  is  especially  effective  at  audio  and  low  radio  frequencies.  Above 
these  frequencies,  its  effectiveness  progressively  diminishes  because^as 
the  frequency  of  ground  potential  increases,  more  coupling  paths  appear. 

At  radio  frequencies^ this  potential  can  be  considered  as  a  voltage  source 
in  series  with  the  signal  return  circuit  and  should  be  considered  when  de¬ 
signing  critical  low-level  circuitry  (fig.  2-10).  A  typical  design  for 
an  electronically  coupled  circuit  that  considers  the  ground  potential  is 
shown  on  figure  2-11.  Because  of  the  plate  characteristics  of  a  pentode, 
a  change  of  plate  voltage  has  littla  effect  on  plate  current.  Thus,  when 
the  ground  potential  is  coupled  to  the  circuit  through  R^,  although  it 
changes  the  plate  voltage  (E^),  I*  has  very  little  effect  on  plate  current 

(V>- 


2-7.  Power  Supplies 

The  power  ground  and  signal  ground  should  be  isolated  from  each  other 
throughout  the  chassis  to  minimize  the  possible  coupling  of  signals  from 
any  one  type  of  ground  line  to  any  other  type  of  ground  line.  The  appli¬ 
cation  of  the  following  techniques  can  often  avoid  potential  problems: 
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1)  Incorporate,  where  possible,  individual  ground  paths  for  ac 
voltages,  dc  voltages,  and  signals 

2)  Connect  a  ground  path  to  the  largest  conductor  (lowest  imped¬ 
ance)  by  as  direct  a  route  as  possible 

3)  Utilize  several  arterial  ground  paths  to  the  supply  common 
point,  as  opposed  to  one  super  ground  bus 

k)  Avoid  multiended  ground  buses  or  lateral  ground  loops 

5)  Have  as  few  series  connections  (solder  joints,  connectors)  as 
possible  in  a  ground  bus,  and  make  sure  that  they  are  good, 
solid  electrical  connections 


figure  2-7*  Example  of  Intarcircuit  Coupling 
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Figure  2-8.  Effect  of  Circulating  Currents  on  a  Typical  Circuit 


ISOLATION  TRANSFORMER 
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Figure  2-9*  Isolation  Transformer  Technique  for  Minimizing 
Ground  Potential 
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Figure  2-10.  Equivalent  Circuit  of  Ground  Noise  in 
E1 ectroni cal  1 y  Coupled  Circuits 
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Figure  2-11.  Electronically  Coupled  Circuit  With 
G.ound  Noise 


2-18 


Section  lit.  BONDING 


2-8.  General 

Bonding  is  essential  to  the  prevention,  control,  and/or  elimination  of 
interference.  Inadequate  bending  frequently  contributes  to  poor  equipment 
performance;  improved  bonding  almost  always  results  in  a  reduction  of  in¬ 
ter  ference. 

2-3.  Theoretical  Discussion 

£.  A  bond  is  an  electrical  union  between  two  metallic  structures  used 
to  provide  a  1 ow- impedance  circuit  between  them.  Bonding  is  the  proce¬ 
dure  by  which  the  housing  or  structure  of  a  subassembly  or  component  is 
electrically  connected  to  another  structure,  such  as  the  frame  of  an  elec- 
tiical  machir.ejOr  chassis  of  an  electronic  assembly.  Because  the  reason 
for  bonding  two  or  more  units  together  is  to  simulate  electrically  a  sin¬ 
gle  homogeneous  structure  and  to  prevent  development  of  electrical  poten¬ 
tials  betweer  individual  metal  structures,  it  Is  important  that  the  bond 
present  a  low- impedance  path  to  frequencies  capable  of  causing  interfer¬ 
ence. 

j>.  The  effectiveness  of  a  bond  at  radio  frequencies  is  neither  fully 
dependent  upon  nor  measurable  only  in  terms  of  its  dc  electrical  resist¬ 
ance;  especially  at  high  frequencies,  where  sngths  of  bonding  jumpers 
tend  to  approach  the  wavelengths  of  undesirable  ele-.tromagnetlc  radiation. 
When  this  occurs,  and  a  bonding  jumper  presents  a  high- impedance  path, 
there  is  a  potential  drop  across  the  bond,  and  the  metal  structures  con¬ 
nected  by  the  bond  remain  at  different  potentials.  As  a  result,  the  met¬ 
al  structures  do  not  function  effectively  as  shields  and  fail  to  limit 
interference  radiation  from  and  susceptibility  to  circuits  within.  As  it 
is  more  convenient  to  measure  the  dc  resistance  rather  than  the  ac  imped¬ 
ance  of  a  bend,  dc  measurement  is  often  employed  as  an  indication  of  low- 
frt.quency  bonding  effectiveness.  Thi»  may  be  accomplished  with  a  resist¬ 
ance  bridge.  At  high  frequencies,  however,  bond  effectiveness  is  best 
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determined  by  means  of  impedance  measurements  because  bond  capacitance  and 
inductance  become  significant  and  may  result  in  relatively  high  rf  bond  im¬ 
pedances,  despite  low  dc  resistance  readings.  The  equivalent  circuit  of  a 
bond  strap  and  its  impedance  as  a  function  of  frequency  are  shown  on  fig¬ 
ure  2-12.  In  practice,  dc  resistance  measurements  are  utilized  to  detect 
grossly  defective  bonds,  and  to  determine  quickly,  by  comparison  with  manu¬ 
facturer's  test  data,  whether  or  not  bonds  on  existing  equipment  have  dete¬ 
riorated  in  the  field.  The  dc  resistance  of  an  adequate  bond  should  be  be 
tween  0.00025  and  0.0025  ohm.  In  addition  to  impairing  shielding  effec¬ 
tiveness,  hi gh- impedance  bonding  jumpers  may  radiate  rf  energy. 


* 


R  _ 

/VWN»  HfTA 


Figure  2-12.  Bonding  Strap  Impedance  Characteristics 
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e.  In  designing  and  establisning  bonding  criteria  for  specific  appli- 

l 

cacions,  it  is  necessary  to  consider  a  variety  of  factors,  such  as  inter¬ 
ference  frequency  spectrum  and  maximum  allowable  bonding  impedances  for 
frequencies  within  a  specific  range.  Of  prime  importance  are  such  physi¬ 
cal  characteristics  of  the  bonds  selected  as  size,  strength,  fatigue  re- 

• 

si  stance,  corrosion  resistance,  resistivity,  and  temperature  coefficients. 

It  is  the  design  engineer's  responsibility  to  provide  bonds  that  will  not 
deteriorate  appreciably  even  when  equipment  is  subjected  to  adverse  envi¬ 
ronmental  conditions.  Bonds  may  be  affected  by  electrolytic  action  be¬ 
tween  the  metals  used  and  their  surroundings.  An  excellent  bond  at  time 
of  fabrication  may  actually  become  a  serious  interference  source  shortly 
afterwards  if  proper  precautions  have  not  been  taken. 

6_.  Bonding  jumpers  should  preferably  be  flat,  solid  straps  to  provide 
large  surface  areas  for  low  rf  impedance  (rf  currents  flow  along  conduc¬ 
tor  surfaces).  The  measured  rf  impedance  of  a  typical  flat  bond-strap  at 
frequencies  up  to  30  me  increases  almost  linearly  with  frequency;  such  im¬ 
pedance  is  due  almost  entirely  to  the  sel f- inductance  of  the  strap.  The 
capacitance  between  the  bonded  members  is  in  parallel  with  the  inductance 
of  the  bond  strapf  and  the  bond  strap  has  the  characteristics  of  a  paral¬ 
lel  capaci tance- inductance  circuit  operating  far  below  its  resonant  fre¬ 
quency.  At  the  frequency  of  sel f-resonance,  the  rf  impedance  of  such  a 
parallel  capaci tance- inductance  circuit  is  relatively  high  compared  to 
the  dc  resistance,  and  effectiveness  of  the  bond  strap  is  at  a  min'mum. 

£.  At  high  frequencies,  where  length  of  a  bond  strap  is  an  apprecia¬ 
ble  part  of  a  wavelength,  the  bond  strap  becomes  equivalent  to  an  rf  trans¬ 
mission  I inef  and  impedance  varies  periodically  from  a  minimum  to  a  maxi¬ 
mum  with  increasing  frequency.  When  this  happens,  the  bonding  strap  can 
act  as  a  radiator  of  rf  energy  because  it  has  rf  current  flowing  through 
it  and  rf  voltage  across  It.  Tne  sheet  or  metal  part  supposedly  bonded  to 
the  main  structure  may  be  considered  as  the  flat  top  of  an  antenna  that  is 
being  fed  by  the  bonding  strap.  These  effects  are  reduced  by  keeping  in¬ 
ductance  as  low  as  possible.  Straps  of  minimum  length  and  high  width-to- 
thickness  ratio  should  be  used 
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2-10.  Types  of  Bonds 

There  ere  two  class! fi cations  of  bonds:  direct  and  indirect.  The  most 
desirable  of  these  is  the  direct  bond.  This  term  is  applied  to  permanent, 
metal -to-metal  joints  such  as  are  provided  by  welding  or  brazing.  Indirect 
bonds,  or  flexible  metal  straps,  are  used  when  metals  to  be  bonded  cannot 
be  placed  in  direct  contact;  for  example,  w!  en  there  is  a  need  for  motion 
between  bonded  members. 

a.  Direct  Bonds.  Direct  bonds  include  permanent  metal -to-metal  joints 
formed  of  machined  metal  surfaces;  or  with  conductive  gaskets  held  togeth¬ 
er  by  lock-threaded  devices,  riveted  joints,  tie  rods,  or  pinned  fittings 
driven  tight  and  not  subject  to  wear  or  vibration.  The  best  bonded  joint 
is  formed  by  welding,  brazing,  or  sweating.  Soldering  is  not  a  good  meth¬ 
od  of  direct  bonding  because  soldered  joints  have  appreciable  contact  re¬ 
sistance.  Basic  requirements  for  direct  bonding  are  that  good  metal-to- 
metal  contact  be  provided  for  the  life  of  the  joint,  and  that  precautions 
be  taken  to  seal  the  joint  against  moisture  that  would  cause  galvanic  cor¬ 
rosion.  Dissimilar  metals  in  direct  contact  should  be  avoided.  Screw 
threads  are  never  considered  adequate  bonding  surfaces.  In  particular, 
sheet-metal  type  screws  are  inadequate  for  use  in  bond* no.  If  two  struc¬ 
tural  members  are  held  together  by  screws,  the  impedance  between  them  is 

usually  comparatively  high  unless  good  direct  contact  is  maintained. 

» 

b.  Indirect  Bonds.  When  a  direct  bond  is  not  practical,  the  designer 
should  select  an  indirect  bond.  A  good  indirect  bond  is  one  that  presents 
a  low  impedance  throughout  the  interference  spectrum  and  retains  its  use¬ 
fulness  for  an  extended  period  of  time.  An  indirect  bond  is  usually  a 
bond  strap  or  jumper,  mechanically  held  by  means  of  bolts,  rivets,  weld¬ 
ing,  brazing,  or  sweating.  Tooth-type  tockwashers  are  used  with  bolt  fas¬ 
teners  to  ensure  no  deterioration  of  the  metal -to-metal  contact  of  bond- 
strap  connections.  The  most  significant  feature  of  a  bond-strap  is  its 
resiliency.  When  a  solid  strap  is  used,  resiliency  is  determined  by  its 
material  and  thickness.  Beryllium  copper  or  phosphor  bronze  are  often 
used  and,  under  conditions  of  severe  vibration,  a  corrugated  strap  often 
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proves  useful  In  preventing  excessive  damping  end  in  achieving  maximum 
service  life.  Figure  2-13  r-hows  a  typical  bond  strap  bolted  into  posi 
tion.  Good  metal -to-metal  contact  at  the  point  of  bonding  is  required 
for  efficient  operation,  and  any  discussion  of  corrosion  is  not  intend 
ed  to  compromise  this  requirement. 


IN1212-52 


Figure  2-13*  Recommended  Bond  Strap  Bolting  Installation 


(!)  Bonding  jumpers.  Bonding  jumpers  are  short,  round,  braid 
conductors  for  application  where  the  interference  frequen¬ 
cy  is  below  a  few  megacycles.  They  are  generally  used  in 
low-frequency  device*-  and  where  the  development  of  static 
charges  must  be  prevented. 

(2)  Bond-straps.  Bond-straps  are  either  solid,  flat,  metallic 
conductor^ or  a  woven  braid  configuration  where  many  con¬ 
ductors  are  effectively  in  parallel.  Solid-metal  straps 
are  generally  preferred  for  the  majority  of  applications. 
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Braided  or  stranded  bond-straps  are  not  generally  recommended 
because  of  several  undesirable  characteristics.  Oxides  may 
form  on  each  strand  of  non-protected  wire  and  cause  corrosion. 
Because  such  corrosion  is  not  uniform,  the  cross-sectional 
area  of  each  strand  of  wire  will  vary  throughout  its  length. 
The  nonuniform  cross-sectional  areas  (and  possible  broken 
strands  of  wire)  may  lead  to  generation  of  interference  sig¬ 
nals  within  the  cable  or  strap  (fig.  2-14).  Broken  strands 
may  act  as  efficient  antennas  at  high  frequencies,  and  in¬ 
terference  may  be  generated  by  intermittent  contact  between 
strands.  Solid  straps  are  also  preferable  because  of  lower 
sel f- inductance.  The  direct  influence  of  bond-strap  construc¬ 
t-on  on  rf  impedance  is  shown  on  the  graph  of  figure  2-1 5 » 
where  the  impedances  of  two  bonding  straps  and  of  No.  !2  wire 
are  plotted  against  frequency.  The  relatively  high  impedance 
at  high  frequencies  illustrates  that  there  is  no  adequate  sub¬ 
stitute  for  direct  metal-to-metal  contact.  A  rule  of  thjmb 
for  achieving  minimum  bond  strap  inductance  is  that  the 
length- to-width  ratio  of  the  strap  should  be  5:1  or  less. 

This  ratio  determines  the  inductance,  the  major  factor  in  the 
high-frequency  impedance  of  the  strap. 


Figure  2-14.  Exploded  View,  Individual  Strands  of  Braided  Cable 
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2-M.  Bonding  Metal  Selection  end  Bond-Strep  Finishes 

a..  The  choice  of  meteriel  for  e  given  bonding  epplicetion  is  usuelly 
dicteted  by  cons i deret ion  of  the  metels  being  bonded  and  the  environment 
within  which  ti.e  bond  must  exist.  In  bonding,  the  necessity  for  joining 
dissimiler  metels  is  frequently  unevoidable.  In  such  cases,  corrosion 
becomes  an  important  consideration.  Factors  contributing  to  corrosion 
ere  the  relative  closeness  of  metals  in  the  electromotive  series  and  the 
amount  of  moisture  present.  Corrosion  is  attributed  to  two  basic  elec¬ 
trochemical  processes:  galvanic  and  electrolytic  corrosion. 

_b.  Several  methods  can  be  employed  for  minimizing  or  preventing  corrc 
sion  and  its  adverse  effects  on  bonding.  One  is  to  use  metals  low  on  the 
activity  table,  such  as  copper,  lead  or  tin  (table  2-1).  Where  members  of 
the  electrolytic  couple  are  widely  separated  on  the  activity  table,  it  is 
sometimes  practical  to  use  a  plating  such  as  cadmium  or  zinc,  which  helps 
to  reconcile  the  dissimilarity.  Thin,  bimetallic  plates,  formed  by  mechan¬ 
ical  bonding  of  dissimilar  metals  cold  flowed  together  under  high  pres¬ 
sures,  have  bean  used  to  interconnect  two  structural  units  of  dissimilar 
metals.  Where  bimetallic  plates  are  to  oe  used,  the  junctures  of  the  two 
metals  are  normally  covered  with  a  protective  coating,  such  as  grease  or 
polysulphate,  to  exclude  moisture  and  retard  corrosion.  This  coating  re¬ 
duces  the  area  of  metal  axposed  to  an  electrolyte,  thus  reducing  corro¬ 
sion.  If  bonding  is  such  that  corrosion  is  likely  to  occur,  the  bond 
should  be  designed  as  a  replaceable  element,  such  as  a  jumper,  plate,  sep¬ 
arator,  or  washer. 

£.  Acceptable  contact  surface  materials  that  may  be  used  to  fasten 
bonding  jumpers  to  structures  are  indicated  in  table  2-2.  The  arrange¬ 
ment  of  the  metals  listed  in  this  table  is  in  the  order  of  their  decreas¬ 
ing  galvanic  activity  when  exposed  to  an  electrolyte.  The  screws,  nuts, 
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iind  washers  to  be  used  In  making  the  connections  are  indicated  as  Type  I,  cad¬ 
mium  or  zinc  plated,  or  aluminum,  and  Type  llv  passivated  stainless  steel. 

Where  neither  type  of  securing  hardware  is  indicated.  Type  II  is  pre¬ 
ferred  from  a  corrosion  standpoint. 

TABLE  2-1.  ELECTROMOTIVE  FORCE  SERIES  OF  COMMONLV  USEO  METALS* 


Metal 

Electrode  Potential 
(Vol  ts) 

Magnesi urn 

+2.U0 

A1 urn i num 

+  1 .70 

Zinc 

+0. 762 

Chromi urn 

+0.557 

1  ron 

+0.kk\ 

Cadmium 

+0.1*0] 

Nickel 

+0.231 

Tin 

+0.136 

Lead 

+0.122 

Copper 

-0.3  V* 

Si  1 ver 

-0.798 

Plat inum 

-0.863 

Gold 

-1.50 

•  -  Select  dissimilar  metals  so  that  If  corrosion  occurs, it  will 
ba  in  the  replaceable  components,  such  as  grounding  jumpers, 
washers,  bolts  or  clamps,  rather  than  structural  members  or 
equipment  enclosures.  When  two  different  metals  are  in  con¬ 
tact,  the  one  higher  In  the  electromotive-force  series  will 
be  more  affected  by  corrosion  than  the  other.  The  smaller 
mass  (generally  the  more  easily  replaceable)  should  there¬ 
fore  be  made  of  the  higher  metal ;  for  example,  cadmium-plat¬ 
ed  washers  are  recommended  for  use  wi'h  steel  surfaces. 
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Type  I  is  cadmium-  or  zinc-plated,  or  aluminum;  Type  II  is  stainless  steel.  Where  either  type 
is  indicated  as  acceptable.  Type  11  is  preferred  from  a  corrosion  standpoint. 


_d.  The  possibility  of  galvanic  and/or  electrolytic  action  necessi¬ 
tates  extreme  care  in  assembling  joints  that  serve  as  bonds.  Surfaces 
should  be  absolutely  dry  before  mating^and  should  be  ht I d  together  un¬ 
der  high  pressure  to  minimize  the  possibility  of  moisture  entering 
joints.  The  use  of  number  7/0  garnet  finishing  paper  u  equivalent  is 
recommended  to  remove  paints,  anodic  films,  and  oxides  from  surfaces. 

Care  must  be  taken  not  to  remove  excessive  metal  under  the  protective 
finish.  Aorasives,  such  as  emery  cloth  or  sandpaper,  cause  corrosive 
action  because  their  particles  embed  themselves  in  the  metal;  they 
therefore  should  not  be  used.  The  contact  area  should  be  brushed  clean; 
it  should  be  about  1-1/2  times  greater  than  the  area  necessary  for  ac¬ 
tual  mounting.  After  a  joint  (free  of  moisture)  is  assembled,  the  pe¬ 
riphery  of  the  exposed  edge  should  be  sealed  with  suitable  grease  or  a 
polysulphat?  coating. 

2-12.  Bonding  Appl i cat  ions 

a.  Shock  Mounts.  A  frequent  application  for  which  indirect  bonding 
is  the  only  suitable  type  is  that  involving  shock-mounted  equipment. 

The  desiqner  should  consider  the  degree  of  relative  motion  to  be  expect¬ 
ed  between  two  surfaces  to  be  bonded,  the  characteristics  of  the  materi¬ 
als  involved,  and  the  frequency  range  over  which  the  bonding  is  expect¬ 
ed  to  be  effective.  A  typical  shock  mount  is  shown  on  figure  2-16.  The 
application  of  a  bond-strap  to  a  vehicle  engine  is  shown  on  figures  2-17 
and  2-18.  The  resiliency  or  the  bonded  mount  should  be  determined  by 
characteristics  of  the  mount,  not  of  the  bond-strap.  The  strap  shojld 
not  significantly  dampen  the  shock  mount,  and  where  necessary,  it  should 
be  corrugated  to  withstand  severe  and  continued  vibration.  Where  inter¬ 
ference  suppression  is  desired  in  the  vhf  range  and  higher,  two  bond 
straps  across  each  shock  mount  should  be  used.  This  arrangement  reduces 
tne  inductance  of  the  bond  to  half  of  its  former  inductance  and  increases 
the  resonant  frequency  of  the  strap.  The  use  of  tooth-type  lock  washers 
is  preferable  so  that  perforation  of  any  nonconduct i ve  coating  filth  im¬ 
proved  electrical  contact)  is  assured.  Where  severe  environments  are 
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involved,  joints  should  be  protected  after  tightening  with  a  suitable 
grease  or  polysulphate  coating  to  preclude  corrosion  at  contact  sur¬ 
faces. 


b.  Rotating  Joints.  It  is  often  necessary  to  bond  shafts  of  ro¬ 
tating  machinery  to  prevent  accumulation  of  static  charges.  Bonding 
is  generally  accomplished  by  use  of  a  slip  ring  and  brush  assembly,  or 
a  phosphor-bronze  finger  riding  directly  on  the  shaft.  (See  Section  X 
of  Chapter  3) • 

c.  Tubing  Condui t.  The  outer  surfaces  of  long  spans  of  conduit 
or  shielded  cable  may  be  high- impedance  paths  for  interference  currents 
from  external  sources.  To  minimize  this  possibility,  such  spans  should 
be  properly  bon  fed  to  structures  at  both  ends  and  at  several  .ntermedi- 
ate  points.  Ordinary  clamps  cannot  be  used  to  bond  flexible  conduit  since 
the  required  pressure  on  a  comparatively  small  surface  area  of  the  con¬ 
duit  may  be  sufficiently  high  to  compress  or  collapse  it.  To  overcome 
this,  a  flared  split-sleeve  is  fitted  around  the  flexible  conduit.  Thi~ 
sleeve  distributes  the  high  pressure  of  the  bonding  clamp  over  a  large 
area,  thereby  exerting  low  pressure  on  the  conduit  (fig.  2-I9A).  Con¬ 
tact  is  further  improved  by  soldering  the  sleeve  to  the  conduit,  materi¬ 
al  permitting  through  several  holes  in  the  sleeve  provided  for  this 
purpose.  Figure  2-I9B  illustrates  a  method  for  bonding  rigid  conduit  to 

a  structure  through  supporting  attachments.  The  conduit  or  tubing, to 
which  bonding  clamps  are  attached,  should  be  cleansed  of  paint  and  foreign 
material  over  tha  entire  area  covered  by  the  clamps.  All  insulating  fin¬ 
ishes  should  be  removed  from  the  contact  area  before  assembly,  and  ano- 
ui zed  screws,  nut*,  and  washers  should  not  be  used  to  attach  contacting 
parts.  If,  in  bolting  the  clamp  to  the  bonding  surface,  a  tooth-type 
washer  is  used,  protective  coatings,  unless  very  thick  or  tough,  need 
not  oe  removed  tram  the  surface  because  the  points  of  the  washer  will 
penetrate  to  the  bare  metal. 
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d.  Hinges.  Hinges  do  not  provide  a  pith  for  electrical  conductivity 
or  an  rf  shield.  Where  hinges  must  be  used,  it  is  necessary  to  accom¬ 
plish  bonding  by  other  means.  Figure  2-20  shows  a  typical  configuration 
for  Donding  hinges.  Flexible  bonding-straps,  made  of  thin  metal,  are 
separated  along  the  hinges  by  no  more  than  2  inches. 

e.  Cabl e  Trays.  Cablj  trays  should  be  utilized  as  part  of  the  over¬ 
all  system  bonding  scheme.  Each  section  of  each  tray  should  be  bonded 
to  the  following  section  to  provide  a  continuous  path  (fig.  2-21).  The 
trays  should  also  be  connected  to  equipment  housings  by  wide,  flexible, 
solid  bond-straps.  Sucf  connections  reduce  the  level  of  interference 
propagated  into  the  equipment,  thus  precluding  any  difference  of  poten¬ 
tial  between  equipment  housings.  A  typical  example  of  cable  tray  ** end¬ 
ing  is  shown  on  figure  2-22. 
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BOND  STRAP  LUG 
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Figure  2-16.  Typical  Shock  Mount  Bond 
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LOCK  WASHE 


2-33 


•OND  STRAP 


PL  CXI  RLE  CONDUIT 


SLEEVE 


A,  BONDING  OF  FLEXIBLE  CABLE. 


a  AMP 


* 


i.  bondino  of  wieio  conouit  to  fainted  surface. 

TN1212-68 


Figure  2— 19.  Cable  and  Conduit  Bonding 
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Figure  2-20. 


Bonding  of  Hinges 


Figure  2-21.  Cable  Tra/  Section  Bonding 
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Figure  2-22.  Equipment  Cabinecs  Bonded  to  Ceble  Trey 

Bonding  Practices  Summer  1  zed. 

1)  Permanent- type  bonds  are  more  reliable  than  the  semipermanent 
type,  and  are  therefore  preferred 

2)  Direct-type  bonds,  such  as  formed  by  individual  welded  sweat¬ 
ed,  or  brazed  joints  are,  in  general,  bonds  of  lower  impedance 
than  ind tract  types,  and  are  therefore  preferred 

3)  Where  bond  joints  exist  between  dissimilar  metals,  finished 
bond  Joints  should  have  a  protective  coating  such  as  a  suita¬ 
ble  grease  or  polysulphate  to  exclude  moisture  and  retard  cor¬ 
rosion 

4)  Bonds  should  afford  good  metal-to-metal  contact  over  the  en¬ 
tire  mating  surfaces  of  the  bond  joint.  The  mating  surfaces 
should  be  clean  and  free  from  any  nonconductive  finishes.  Bare, 
clean,  metal-to-metal  contact  will  ensure  a  low-impedance  con¬ 
nection  between  mating  surfaces 
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5)  Indirect  bonding  conductors  should  preferably  be  in  strap  form, 
broad  in  width,  thin,  and  as  short  in  length  as  possible  to  af¬ 
ford  desirable  low-impedance  electrical  connections  at  radio 
frequencies.  The  I ength-to-wi dth  ratio  of  the  bond  straps 
should  be  less  than  5:1 

6)  The  strap  type  of  bond  connection  provides  flexibility,  some¬ 
times  necessary  because  of  vibration,  expansion,  contraction, 
hinges,  and  equipment  misalignment  arising  from  normal  fabri¬ 
cation  and  installation  tolerances 

7)  Where  bonds  must  afford  shielding  integrity,  permanent-type 
metal -to-meta 1  joints,  afforded  by  welding,  brazing,  or  sweat- 
ing,are  preferred  to  semipermanent  joints  that  depend  on  clamp¬ 
ing  pressures  and/or  conducting  gaskets 

8)  A  soldered  bond-joint  should  not  depend  on  the  solder  for  mech¬ 
anical  strength.  The  parent  mating  materials  of  the  bond  should 
be  mechanically  jointed  by  other  means  such  as  bolting  or  rivet¬ 
ing 

9)  Bonding  connections  should  be  located  in  protected  and  accessi¬ 
ble  areas,  where  practical,  to  permit  ready  inspection  and  re¬ 
placement  if  necessary 
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Section  IV.  SHIELDING 


2-1 3.  Genera) 

Shielding  may  be  required  in  electrical  and  electronic  equipment  to 
prevent  the  equipment  from  propagating  interference  and  to  protect  the 
equipment  from  the  effects  of  interference  propagated  by  other  electron¬ 
ic  devices.  In  the  design  of  electronic  equipment  shielding,  the  me¬ 
chanical  and  electrical  design  engineer  should  consider  the  following: 

1)  Interference  specification  requirements 

2)  Expected  potential  radiation  emanating  from  the  subassemblies, 
assemblies,  and  complete  units 

3)  Types  of  enerqy  fields  involved  and  the  most  satisfactory  and 
economical  materials  to  suppress  or  eliminate  their  effects 

4)  Requirements  for  corrosion  prevention,  continuity  of  surface 
contact,  and  heat  dissipation 

A  shield  should  be  of  solid  metal  covering,  flexible  metal  conduit,  or 
mesh  screen.  Such  electromagnetic  shielding  can  be  used  in  a  variety 
of  ways  and  forms,  ranging  .  rom  small  modules  to  enclosures  for  high- 
oower  equipment.  One  of  the  most  difficult  problems  occurs  when  many 
transmitters,  receivers,  and/or  other  sensitive  equipment  are  installed 
close  together.  On  vehicular  carriers,  the  problem  is  intensified  be¬ 
cause  increased  electronic  demands  require  integration  of  more  electron¬ 
ic  functions  within  one  compact  enclosure.  The  effectiveness  of  struc¬ 
tural  shielding  can  range  from  20  to  100  db.  This  shielding  is  general¬ 
ly  not  sufficient  to  protect  receiving  antennas  from  undesirable  signals 
generated  within  the  enclosure.  An  additional  30  db  of  attenuation  can 
be  obtained  by  shielding  the  antenna  wire,  or  by  using  coaxial  cable  or 
waveguide. 

2-14.  Shielding  Effectiveness 

a.  Shielding  effectiveness  is  a  measure  of  the  total  ability  of  a 
material  to  prevent  propagation  of  electromagnetic  energy.  In  the 
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classical  shielding  theory,  which  compares  a  shield  to  a  transmission  line, 
the  radiated  field  is  considered  to  be  reflected  and  attenuated  in  passing 
through  metal  (fig.  2-23A) .  This  theory  is  analogous  to  the  theory  of 
propagation  of  traveling  waves  on  a  transmission  line.  It  is  possible 
(following  the  transmission  line  analogy)  to  compute  the  attenuation 
through  the  shield  and  the  reflections  that  will  be  present  at  each  sur¬ 
face.  Empirical  data,  gathered  over  a  number  of  years,  has  shown  that  the 
classical  shielding  theory  accurately  describes  the  shielding  process. 

The  shielding  effectiveness  is  represented  schematically  on  figure  2-23B. 
The  mathematical  relationship  is: 

SE  =  R  +  A  +  B  (2-1) 


where:  SE 
R 


A 

B 


total  shielding  effectiveness  (db) 

Rj  +  R^  *  reflection  radiated  power  loss  of  the  first  and 
and  second  boundary  (db) 

absorption  power  loss  (db) 

B-factor  (db),  which  is  neglected  if  A  is  greater  than  10  db 
incident  radiated  power  (dbw) 
exiting  radiated  power  (dbw) 


Expressing  the  law  of  conservation  of  energy: 


P2  -  P,  -  R,  -  A  -  R2  -  8 

Pl  '  P2  “  R|  +  *2  +  A  +  8 
P,  -  P2  -  R  +  A  +  B 

SE  ■  P(  -  P2  -  10  log  ^ 


For  convenience,  the  above  equations  are  expressed  in  terms  of 
emitted  power.  However,  at  low  frequencies,  when  operating  in 
field,  it  is  more  convenient  to  work  with  electric  or  magnetic 
sities,  In  this  case: 


incident  and 
the  induction 
field  inten- 
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A.  REFLECT IOW  AND  ATTEWUATIOW 


Figure  2*23.  Metal  Shielding  Effect)  -eness 
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These  losses  are  a  function  of  frequency,  thickness  of  material,  resistiv¬ 
ity,  permeability,  and  conductivity.  The  reflection  losses  vary  with  the 
characteristic  wave  impedance  of  the  el ecti onv*gnetic  field  and  may  also 
vary  with  distance.  Magnetic  fields  occur  in  the  vicinity  of  coils  or 
small  loop  antennas.  Because  reflection  losses  for  magnetic  fields  are 
small  for  most  materials,  magnetic  shielding  depends  primarily  on  absorp¬ 
tion  losses.  Electric  fields  are  readily  '‘-topped  b,  metal  shit  ■>  be¬ 
cause  large  reflection  losses  are  easily  obtained.  The  absorption  loss, 
which  is  essentially  independent  of  the  wave  impedance,  is  the  same  tor 
both  electric  and  magnetic  fields. 

b.  The  total  reduction  in  field  intensity  is  caused  by  reflection  and 
absorption  losses.  The  shielding  effectiveness  of  an  enclosure  is  the 
sum  of  the  reflection  and  absorption  losses.  Absorption  loss  represents 
me  reduction  in  signal  due  to  dissipation  as  it  proceeds  through  the 
body  of  a  shield;  it  is  independent  of  the  type  of  radiator  emitting  the 
signal.  Reflection  losses  take  place  at  the  surfaces  of  a  shield  and 
vary  with  the  ratio  of  the  wave  impedance  emitted  by  the  radiator  to  the 
intrinsic  impedance  of  the  shield.  If  the  absorption  loss  is  less  than 
10  db,  then  the  B-factor  must  be  calculated  and  added  to  equation  2-1. 

T* e  B-factor  can  be  neglected  when  the  thickness  of  metal  is  sufficient 
to  make  the  penetration  loss  more  than  10  db.  Shields  that  contain  open¬ 
ings,  such  as  copper  screening  or  incompletely  welded  metal  seams,  intro¬ 
duce  other  complexities  in  that  signals  leak  through  the  openings  in  e i- 
ditic  to  penetrating  the  shield  material  itself.  Absorption  losses  *.ar 
be  very  great  for  openings  whose  size  is  small  compared  to  the  wavelength 
of  the  energy  passing  through.  They  are  similar  to  losses  obtained  with 
a  waveguide  below  cutoff. 

£.  Tests  made  with  smal  I  antennas  (such  as  «  jl-inch  loop)  measure 
shield  quaiity  only  in  the  vicinity  of  the  ant'-nna  location  and  usually 
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give  the  shielding  quality  of  a  particular  flaw.  Measurement*  made  with 
large  antennas  test,  the  quality  of  a  large  area  of  the  shield  and  inte¬ 
grate  leakage  obtained  through  that  area. 

2-15.  Case  and  Front  Panel  Design 

±.  The  metal  walls  of  a  vehicle  aid  in  reducing  the  internal  ambient 
level  of  interference  signals  from  external  source'  and  act  as  an  inter¬ 
ference  barrier  between  internal  and  external  equipment.  The  shielding 
effectiveness  of  the  vehicle  wall  can  range  from  20  to  100  db.  If  this 
is  not  sufficient  to  protect  the  receiving  antennas  from  undesired  sig¬ 
nals  generated  within  the  vehicle,  additional  shielding  should  be  placed 
around  fhe  i nter 'erence  sources.  Shields  of  up  to  100  db  effectiveness 
ir  reducing  harmonic  1 eakage  from  transmitter  enclosures  are  obtainable. 

b.  Because  it  is  difficult  to  shield  against  transmitter  spurious  ra¬ 
diation  and  receiver  local  oscillator  radiation,  adjacent  pieces  of  equip¬ 
ment  should  be  well  shielded  even  if  they  do  not  generate  high  levels  of 
undesirable  energy.  In  such  cases,  It  is  generally  most  practical  to 
provide  equal  shielding  for  each  piece  of  equipment.  To  provide  satisfac¬ 
tory  shielding,  an  enclosure  should  have  a  shielding  effectiveness  of  50 
to  100  db,  depending  upon  intensity  of  undeslred  signals  and  whether  an 
electric  or  a  magnetic  Interference  field  Is  present.  If  all  leads  leav¬ 
ing  an  enclosure  are  well  filtered,  and  the  interference  Is  of  sufficient¬ 
ly  high  frequency  to  make  the  shield  appear  electrically  thick,  then  for 
most  purposes  the  Interference  Is  completely  contained  (or  excluded)  with¬ 
out  regard  to  grounding.  Grounding  and  physical  wiring  geography  become 
important  at  lower  frequencies  where  magnetic  fields  can  readily  penetrate 
shields.  In  general,  the  design  objective  should  be  maximum  shielding 
effectiveness  within  llm'iitions  of  weight,  size,  mechanical  riqldlty,  and 
cost.  An  effective  shield  design  prevents  most.  Interference  energy  from 
entering  or  leaving  the  r,us  :e.ptible  space,  Such  a  design  uses  a  suitable 
barrier  or  metal  enclosure,  -f  proper  thickness,  with  ell  dl scont Inrl ti es 
such  es  holes,  seams,  anc  joints  scaled.  Although  good  shlel dlnq  material  s 


are  available,  the  greatest  interference  problem  arises  from  the  passage 
of  interference  signals  through  shielding  discontinuities. 

£.  The  effectiveness  of  shielding  materials  can  be  indicated  in  terms 
of  their  insertion  loss  expressed  in  decibels.  Insertion  loss  is  equal 
to  shielding  effectiveness  when  the  shield  is  thin  compared  to  the  dis¬ 
tance  between  test  antennas.  To  determine  the  insertion  loss  of  a  given 
material,  a  shield  is  constructed  of  that  material.  Then,  a  signal  gener¬ 
ator  is  used  to  produce  a  test  wave  of  constant  frequency  and  amplitude. 
Readings  are  taken  with  a  field  intensity  meter.  Shielding  effectiveness 
is  calculated  from  the  expression: 

SE  *  20  log|0  Vj  /  V2  (db)  (2-2) 

where  Vj  is  the  field  intensity  meter  reading  obtained  with  the  radiating 
and  receiving  antennas  located  in  free  space  insofar  as  possible  and  sepa¬ 
rated  a  specified  distance.  is  the  reading  obtained  with  the  antennas 
separated  the  same  distance  and  with  the  shield  inserted  between  them. 

The  value  for  shielding  effectiveness,  derived  from  theoretical  considera¬ 
tions,  is  usually  much  greater  than  that  actually  obtained  by  physical 
measurement.  This  fact  is  especially  true  at  high  frequencies  (above  100 
megacycles)  where  the  plane  wave  field  exists.  The  reason  is  that  theo¬ 
retical  analysis  Is  ordinarily  based  on  the  simple  physical  .‘tuation  of  a 
surface  constituting  a  mathematical  continuum  —  that  Is,  a  smooth  unbro¬ 
ken  surface  such  as  a  sphere,  a  rectangular  box,  or  an  infinite  flat  plane. 
In  fact,  however,  the  practical  surface  Is  of  finite  dimensions  and  almost 
certainly  has  discontinuities.  These  discontinuities  can  be  treated  so 
that  they  do  not  entirely  negate  the  shielding  effectiveness,  but  some  de¬ 
crease  from  theoretically  obtained  SE  vaiues  for  continuous  metal  sheet 
siould  nevertheless  be  expected.  At  very  low  frequencies,  the  shielding 
effectiveness  of  these  aiscontinui ties  usually  is  low  due  to  greater  depth 
of  penetration.  It  improves  as  the  frequency  increases,  and  then  it  de¬ 
teriorates  again  at  very  high  frequencies  where  dimensions  of  openings  in 
the  sh i 2 1 d  become  comparable  to  a  half  wavelength. 
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2-16.  Shielding  Design  Fundamentals 


The  equations  in  this  section  are  arranged  and  presented  in  a  condense' 
form  a*  an  aid  in  the  design  of  shielded  enclosures.  The  terms  used  are 
defined  as  follows: 


1)  SE 

2)  R 

3^  A 
4)  B 


Shielding  effectiveness,  representing  the  reduction  of  the 
level  of  incident  electromagnetic  energy  (expressed  in  db) 
through  the  metallic  shield  in  its  path.  Measurements  are 
made  in  power,  voltage,  or  current  ratios 

Total  reflection  loss,  in  db,  from  both  surfaces,  neglect¬ 
ing  the  effect  of  multiple  reflections  inside  the  shield 

Absorption  loss,  in  db,  inside  the  shield 

A  positive  or  negative  factor  that  need  not  be  taken  into 
account  when  A  is  more  than  10  db.  It  is  caused  by  the  re¬ 
flecting  waves  inside  the  barrier  and  is  calculated  in  db. 
When  a  metallic  barrier  has  an  A  of  less  than  10  db,  it  is 
designated  as  electrically  thin.  The  use  of  electrically 
thin  barriers  should  be  avoided  by  using  a  different  type 
of  metal  or  a  thicker  specimen  of  the  same  metal 


5)  SE  - 

6)  SE  - 

7)  Zs- 

8)  Zw- 

9)  u  - 

10)  p0  - 


R  +  A  +  B,  when  A  <  10  db 

R  +  A,  when  A  >  10  db 

Intrinsic  Impedance  of  the  metei 

Wave  Impedance  of  Incident  wave  in  space 

Relative  magnetic  permeability  referred  to  free  space: 

I  for  copper,  I  for  ferrous  metals  at  mtcrowave  frequencies, 
and  200  to  1000  for  ferrous  metals  at  iow  frequencies 
Permeability  of  free  space  ■  1.26  x  10*^  hemys/meter,  which 
is  approximately  I20it/v 


_l  2 

11)  £  *  Permittivity  of  free  space  *=  8.85  x  10  farads/meter, 

which  is  approximately  )'2ojtv 

g 

12)  V  *  Velocity  of  light  in  free  space  *  3  x  10  meters/second 

-  f* 

13)  G  *  Relative  conductivity  referred  to  copper  =  1  for  copper, 

*  0.61  for  aluminum,  =  0.17  for  iron 


14)  f 

15)  * 

16)  p 

17)  a> 

18)  r 

19)  r, 

20)  t 

21)  T 

22)  E 

23)  H 

2k)  a 
25) 


Frequency  in  cycles/second 
Wavelength  in  meters/cycle 

2«A 

2xf 

Distance  from  source  to  shield  in  meters 
Distance  from  source  to  shield  in  inches 
Thickness  of  shield  in  mils 
Thickness  of  shield  in  meters 

Electric  field  component,  or  electric  intensity  in  volts/ 
meter 

Magnetic  field  component,  or  magnetic  intensity  in  amperes/ 
meter 

Attenuation  constant  of  metal  in  nepers/meter 

Impedance  of  plane  waves  I r  free  space  ■  377*6  ohms,  ■  ap¬ 
proximately  1 20sr 


a.  General  Calculations. 

(1)  To  calculate  R: 

R  -  20  log|0  |<Z$  /  U  Z^J  ai, 

Zs  -  (I  +  j)  Vnf/2G  *  3.69  x  10"7  ohms 
Izl  -  Vpf/G  x  3.69  x  IQ-7  ohms 
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R  may  be  zero,  positive,  or  negative,  depending  upon  whether 
the  ratio  given  is  equal  to,  greater  than,  or  smaller  then 
unity,  respectively.  In  all  cases  above  I  kc,  R  is  positive. 
The  corrected  total  reflection  R  +  B  (algebraic  sum);  and 
may  be  zero,  positive,  or  negative.  In  all  cases  above  I  kc, 
it  is  positive.  B  may  be  positive,  negative,  or  it  may  equal 
zero.  In  most  cases  above  1  kc,  it  is  negative.  SE  is  posi¬ 
tive  and  always  greater  than  zero. 


(2)  To  calculate  for  high  impedance  electric  fields,  consider 
a  very  short  nonresonant  dipoie  where  the  length  «X: 


w  H 

when  r  »>,  then: 

Z 

w 

whan  r  «X,  then: 

Z 


-L  „  1  +  ier  -  32r2 

*  jOr-pV 


*  1/vg  -  376*7  ohms 


■  -j  AnCr  ohms 
-  -J  0.71  x  10,2/fr,  ohms 


(2-4) 


For  practical  use,  this  calculation  is  a  good  estimate  of  the 
wave  impedance  when  a  rod  or  dipole  of  finite  length  (L)  is 
used,  providing  that: 


L  «  n  «  A 


(3)  To  calculate  Z  for  low  impedance  magnetic  fields,  consider  a 
very  small  loop  vrfiere  the  diameter  «X: 


w 


E 

H 


VHQ  x 


2  2 

i&L  2  3  r _ 

2  2 

I  +  j^r  -  &  r 


when  r  »*,  then: 


Z  -  Vp 
w  o 


376.7  ohms 


(2-5) 
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when  r  <A,  then: 


Z  “  +  jtqi  r  ohms 

w  o 

-  +  j  0.2  x  10  6  f r |  ohms 

This  calculation  is  accurate  for  finite  loop  diameters  (D) 
when : 

D  «  |t  «  X 

(4)  To  calculate  R  for  plane  waves  where  r  >  X.,  substitute  in  the 
previously  given  formulas  and  reduce: 

R  *  108,2  +  10  logJ0  G  x  106/jxf  db  (2-6) 

(5)  To  calculate  R  for  magnetic  fields,  substitute  in  the  previous¬ 
ly  given  formulas  and  reduce: 

R(m)  -  20  logJ0  [(0.462/rj)  -^75f  +  0.136  r, -y/Gf7p  +  0.354]  db  (2-7) 


(6)  To  calculate  R  for  electric  fields,  substitute  In  the  previous¬ 
ly  given  formulas  and  reduce: 


R(0 

m 

353.6  + 

10  log 

10 

G/fVJ  db 

(2-8) 

(7) 

To 

calculate  A 

t: 

A  - 

■  3 

i 

O 

X 

$ 

*  x 

t 

db 

(2-9) 

(8) 

To 

calculate  1 

i; 

B  - 

20 

'<>9,0 

1  - 

<Zs 

-  y/'2, 

exp 

j“2(ot  +  jP)T 

■ 

20 

'°9|0 

1  - 

z 

<2, 

-  V'<2, 

•M 

2 

x  10* 

■A/ 10 

(2-10) 

X 

(cos  7*68 

x  10' 

s 

i*  -  j 

sin  7. 

68 

x  10“ 

V57ii)j  db 

If  A  is  more  than  10  db,  B  becomes  negligible. 
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b.  Absorption  Loss  Calculations.  Absorption  losses  are  calculated  us¬ 
ing  equation  2-9: 

A  -  3.34  x  I0"3  t  4G?7  db 

As  an  Illustration  of  the  relative  magnitude  of  A,  assume  a  frequency  of 
1  me  for  copper;  then  A  *  3*34t.  Expressed  In  another  way,  the  attenua¬ 
tion  Is  equal  to  3.34  db  per  mil  thickness  of  copper.  At  10  kc,  A  becomes 
0.334  db  per  mil  thickness.  Indicating  that  copper  becomes  a  poor  attenua¬ 
tor  for  an  rf  field  at  low  frequencies.  If  a  permeable  material  ‘ s  used, 

A  becomes  larger.  It  Is  best  to  use  iron  or  soft  steel  for  shleldi.j  at 
low  frequencies. 

Tables  2-3  and  2-4  present  values  of  absorption  loss  for  different 
metals.  The  absorption.  A,  for  10  mils  of  copper  at  I  me  would  be  10 
times  the  loss  for  1  mil,  or  10  x  3.34  db  -  33.4  db.  This  loss.  A,  Is 
a  function  of  the  frequency  (f)  and  Increases  as  f  increases.  Satisfac¬ 
tory  metal  thickness  for  shielding  purposes  at  150  kc  will  also  be  sat¬ 
isfactory  at  higher  frequencies  for  the  same  shielding  purpose.  The  re¬ 
flection  loss  presented  to  a  magnetic  field  (equation  2-7)  also  Increases 
as  f  Increases.  Comparisons  of  various  metals  and  magnetic  materials  are 
given  In  table  2-4  as  an  aid  In  determining  the  type  of  shield  required 
for  a  particular  application*  Note  that  the  absorption  loss  of  Hypernick, 
at  150  kc.  Is  88.5  db  per  mil.  To  determine  the  SE  of  Hypernick,  it  Is 
necessary  to  multiply  the  absorption  loss  by  the  thickness.  In  mils,  of 
the  Hypernick  used  and  then  add  the  reflection  loss.  It  is  cautioned, 
however,  that  the  high  permeability  Is  useful  only  If  the  Incident  field 
is  not  of  sufficient  intensity  to  saturate  the  metal. 

£4  Reflection  Loss  Calculations. 

(I)  The  reflection  loss  to  an  electric  field  source  that  exists 
approximately  12  inches  from  the  shield  can  be  calculated 
usin'  equation  2-8: 

R(E)  -  353.6  +  10  log,0  G/f3pr*  db 
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TABLE  2-3.  ABSORPTION  LOSS  OF  SOLID  COPPER,  ALUMINUM,  ANO  IRON 
SHIELDS  AT  60  CPS  TO  10,000  MC 


111 

Aluminum 

1  •  ron 

Absomtion  Loss 

Frequency 

G 

n 

G 

IH 

G 

a 

u 

(db/mi 1 ) 

H 

I 

Copper 

Aluminum 

1  ron 

60  cps 

' 

■ 

0.61 

1 

0.17 

1000 

0.03 

c.02 

0.33 

1000  cps 

■ 

0.61 

0.17 

1000 

0.11 

0.08 

i 

1.37 

10  kc 

■ 

0.6I 

0.17 

1000 

0.33 

0.26 

4.35 

150  kc 

■ 

0.61 

0.17 

1000 

1 .29 

1  .0 

16.9 

1  me 

n 

0.61 

0.17 

1 _ 

700 

3.34 

2.6 

36.3 

15  me 

D 

0.61 

400 

12.9 

iO 

106.0 

100  me 

■ 

0.61 

100 

m 

26 

137-0 

1500  me 

D 

0.61 

0.17 

1 _ 1 

10 

1 _ 

129.0 

'00.0 

168.0 

10,000  me 

■ 

0.61 

■ 

334.0 

260.0 

137.0 

£ 

Other  values 

- r 

of  P 

for 

1 ron  ar 

- I 

™  •  m 

t  me, 

"  - 1 

600;  1 

0  rr.c,  500 ; 

ind  1000  me 

,  50 
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TABLE  2-4.  ABSORPTION  LOSS  OF  METALS  AT  150  KC 


Meta  1 

G 

Relative 
Conduct! vl  ty 

p 

Relative 
Permeabi 1 i ty 
(at  150  kc) 

Absorption  Loss 
(at  150  kc,  db/mil) 

Si  1 ver 

1 .05 

1 

1.32 

Copper,  annealed 

1 .00 

1 

1  .29 

Copper,  hard  drawn 

0.97 

1 

1 .26 

Gold 

0.70 

1 

1 .08 

A1 uminum 

0.61 

1 

1  .0! 

Magnesium 

0.38 

1 

0.79 

Zinc 

0  29 

1 

0.70 

Brass 

0.26 

1 

0 . 6u 

Cadmium 

0.23 

1 

0.62 

Nickel 

0.20 

1 

0.58 

Phosphor- bronze 

0.18 

1 

0.55 

£  ron 

0.17 

1000 

16.9 

Tin 

0.15 

1 

0.50 

Steel,  SAW  1045 

0.10 

12.9 

Beryl  1 lum 

0.10 

1 

0.41 

Lead 

0.08 

1 

0.36 

Hypernick 

0.06 

80,000 

88. 5* 

Monel 

0.04 

1 

0.26 

Mu-Metal 

0.03 

80,000 

63.2* 

Permel loy 

0.03 

80,000 

63.2* 

Stainless  steel 

0.02 

1000 

5-7 

♦Obtainable  only  if  the  Incident  field  does  not  saturate  the  metal 
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For  copper  at  1  me: 


R(e)  -  353.6  +  10  !og|0  — j - 

do6)  x  I  x  (1 2) 2 

*  353.6  +  10  (-20.16)  -  152  db 

This  value  can  be  seen  in  the  coinn  for  cooper  at  1  me  in  ta¬ 
ble  2-5.  where  reflection  loss  in  an  electric  field  is  listed 
for  copper,  aluminum,  and  iron.  For  a  comparison  of  the  shield¬ 
ing  effectiveness  of  copper,  aluminum,  and  steel  in  electric 
fields,  compare  10  mils  of  each  (table  2-6).  Note  that  the  ab¬ 
sorption  loss  for  10  mils  of  copper  at  1  me  is  obtained  from 

table  2-3  as  10  mils  x  ^  m  33,^  db.  For  aluminum; 

2.6  db  m!  .  ,  .  .,  36.3  db 

10  mils  x  - tt-*  *  26  db;  and  for  1  .on:  0  mils  x  ■* — tt —  M 

mil*  mil 

363  db 

(2)  The  reflection  loss  to  a  magnetic  field  source  that  exists  ap- 
proximately  12  inches  from  the  shield  can  be  calculated  using 
equation  2-7.  For  10  mils  of  aluminum  at  1  me: 

"(H)  *  20  ">*10  PiPJu'-Hf0-1*  U2> 

.  *  *  (2-ID 

+  0.354  -  62  db 

This  value  can  be  seen  in  the  colimn  for  aluminum  at  I  me  in 
table  2-7*  where  reflection  losses  in  a  magnetic  field  are 
listed  for  copper,  aluminum,  and  iron.  The  reflection  losses 
in  a  plane  wave  field  are  listed  In  table  2-8  for  copper  and 
iron.  The  comparative  shielding  effectiveness  of  copper, 
aluminum,  and  iron  in  magnetic  fields  Is  summarized  in  table 
2-9.  Similarly,  the  comparative  shielding  effectiveness  of 
copper  and  iron  for  plane  waves  is  summarized  in  table  2-10. 

The  curves  of  absorpt!on  and  reflection  loss  for  copper  and 
iron  are  shown  on  figures  2-24  and  2-25.  The  reflection  loss 
for  copper  and  iron  in  an  electric,  magnetic,  and  plane  wave 


2-51 


17.9LE  2-5-  REFLECTION  LOSS  IN  ELECTRIC  FIELD  (WAVE  IMPEDANCE  MUCH 
GREATER  THAN  377  OHMS)  OF  SOLID  COPPER,  ALUMINUM,  AND 
IRON  SHIELDS  FOR  SIGNAL  SOURCE  12  INCHES  FROM  SHIELD 
AT  60  CPS  TO  10,000  MC 


Frequency 

Copper 

Aluminum 

1  ron 

DB  Loss6 

_ * _ 

LLJ 

n 

G 

m 

G 

U 

Copper 

Aluminum 

6C  cps 

■ 

D 

0.61 

g 

0.17 

1000 

279 

_ _ i 

* 

1000  cps 

i 

■ 

0,61 

B 

0.17 

1000 

242 

i 

i 

i 

'/ 

10  kc 

i 

i 

0.61 

B 

0.17 

1000 

212 

... 

150  kc 

1 

i 

0.61 

S 

0.17 

1000 

177 

175 

1  me 

■ 

i 

0.61 

■ 

0.17 

700 

152 

150 

1 

15  me 

■ 

■ 

0.61 

■ 

0.17 

400 

117 

115 

100  me 

■ 

5 

0.61 

■ 

0.17 

100 

92 

90 

1500  me 

■ 

B 

0.61 

■ 

0.17 

10 

c 

— 

1 

II 

B 

m 

■ 

BB 

1 

c 

— 

I 

*Foi  distances  much  greater  or  smaller  than  12  inches,  recaicui*  i  the  re¬ 
flection  loss  by  using  aqua. ions  2-6  or  2-8. 


6|f  penetration  loss  Is  lass  than  10  db,  total  reflection  loss  must  be 
corrected  by  use  of  B-factor. 

cAt  these  frequencies,  the  fields  approach  plane  waves  with  an  impedance  o1 
377  ohms;  see  table  2-8  for  plane  waves. 
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TABLE  2-6.  SHIELDING  EFFECTIVENESS  IN  ELECTRIC  FIELD  (WAVE  IMPEDANCE 
MUCH  GREATER  THAN  377  OHMS)  OF  SOLID  COPPER,  ALUMINUM  AND 
IRON  SHIELDS  FOR  SiGNAL  SOURCE  12  INCHES  FROM  THE  SHIELD 
AT  0.15  MC  TO  100  MC 


Frequency 

Copper  (10  mils) 

A  +  R  -  SE 
(db)  (do)  (db) 

Al uminum  (10  mils) 

A  +  R  -  SE 
( db)  ( db)  ( db) 

1 ron  (10  mils) 

A  +  R  *  SE 
(db)  ( db1!  (db) 

0.15 

13+  1 76  -  189 

10  +  .75  -  185 

169  +  139  -  308 

1 .0 

33  +  152  -  185 

26  +  150  -  1 76 

363  +116  -  479 

15.0 

1 29  +  1 1 6  -  245 

100  +115-  215 

1060  +  83  -H43 

100 

33**  +  92  -  426 

260  +  90  -  350 

1370  +  64  -  1434 

field  ere  shown  on  figure  2-24.  The  curves  ere  plotted  for 
signal  sources  that  ere  one  foot  from  the  shield.  As  fre¬ 
quency  Increases,  the  one-foot  distance  becomes  a  greeter 
portion  of  a  wave  length;  as  the  electrical  distance  from 
the  source  increases,  the  radiation  approaches  a  plane  wave. 
The  three  curves,  therefore,  converge  as  frequency  Increases. 
Even  for  the  poorest  reflection  loss  curve  for  Iron  at  10  kc, 
A  is  4.35  db  per  mi i  of  thickness.  A  shield  of  iron  0.03 
inch  thick  at  this  frequency  would  therefore  have  a  theoret¬ 
ical  shielding  effectiveness  of  mere  than  130  db. 
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TABLE  2-7-  REFLECTION  LOSS  IN  MAGNETIC  FIELD  tWAVE  IMPEDANCE  MUCH 
SMALLER  THAN  377  OHMS)  0^  SOLID  COPPER,  ALUMINUM,  <\ND 
IRON  SHIELDS  FOR  SIGNAL  SO"RCE  12  'NCHES  FROM  twe  CHI  ELD 
AT  60  CPS  TO  10,000  MC 


Frequency 

Aluminum 

1  ron 

D 

_  ,  b 

B  Loss 

G 

E 

G 

G 

BWH 

Copper 

Aluminum 

1  ron 

60  cps 

D 

0.61 

■ 

0.17 

1000 

22 

— 

-  1 

1000  cps 

D 

0.61 

B 

BB 

1000 

34 

— 

10 

10  kc 

D 

0.61 

B 

BB 

1000 

44 

— 

O 

150  kc 

n 

D3 

B 

0.17 

1000 

56 

54 

19 

1  me 

■ 

0.61 

B 

0.17 

700 

64 

62 

28 

15  rrc 

■ 

0.61 

B 

m 

400 

76 

74 

42 

100  me 

D 

0.61 

B 

BB 

100 

84 

82 

56 

1500  me 

B 

m 

B 

0.17 

10 

c 

-- 

c 

10,000  me 

B 

D3 

B 

0.17 

■ 

c 

- - i 

-- 

c 

*For  distances  much  greater  or  smaller  than  12  inches,  recalculate  the  re¬ 
flection  loss  using  the  formulas  given  in  text. 

^If  penetration  toss  is  less  than  10  db,  the  total  reflection  loss  must  be 
corrected  by  use  of  the  B-factor. 

cAt  these  frequencies,  the  fields  approach  377  ohms  in  impedance  and  become 
plane  waves;  see  table  2-8  for  plane  waves. 
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TABLE  2-8.  REFLECTION  LOSS  IN  PLANE  WAVE  FIELD  (WAVE  IMPEDANCE  EQUAL 
TO  377  OHMS)  OF  SOLID  COPPER  AND  IRON  SHIELDS  FOR  SIGNAL 
SOURCE  GREATER  THAN  2  X  FROM  THE  SHIELD  AT  60  CPS  TO 
10,000  MC 


Frequency 

Copper 

1  ron 

\mrsmm 

1  ron 

G 

_ 

G 

..If... 

IHHRBBHSQHI 

60  cps 

1 

1 

0.17 

1000 

150 

113 

1000  cps 

1 

0.17 

1000 

138 

100 

10  kc 

1 

1 

0.17 

1000 

128 

90 

150  kc 

1 

1 

0.17 

~o 

o 

O 

117 

79 

1  me 

1 

urn 

mm 

108 

72 

15  me 

1 

0.17 

i*oo 

96 

63 

100  me 

1 

1 

0.17 

100 

88 

60 

1500  me 

1 

1 

■SB 

10 

76 

57 

10,000  me 

1 

f  '  ' 

1 

0.17 

1 

68 

60 

1 _ 

*Plane  waves  In  sufficient  strength  below  I  me  rerely  exi-it  in  the  vicinity 
of  e  shielded  enclosure. 

**lf  penetration  loss  is  less  than  10  db,  the  total  reflection  loss  has  to 
be  corrected  by  use  of  B-factor. 
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TABLE  2-9.  SHIELDING  EFFECTIVENESS  IN  MAGNETIC  FIELD  (WAVE  IMPEDANCE 
MUCH  SMALLER  THAN  377  OHMS)  OF  SOLID  COPPER,  ALUMINUM,  AND 
IRON  SHIELDS  FOR  SIGNAL  SOURCE  12  INCHES  FROM  THE  SHIELD 
AT  150  KC  TO  100  MC 


Frequency 

(me) 


0.15 


1 .0 


15 

100 


Copper  (10  mils) 

A  +  R  -  SE 

(db)  (db)  (db) 


13 

+ 

56  -  69 

33 

+ 

64-97 

129 

+ 

76  -  205 

334 

84  -  418 

Aluminum  (10  mils) 

A  +  R  “  SE 

(db)  (db)  (db) 


10  + 

54  - 

64 

26  + 

62  - 

88 

100  + 

74  - 

5  74 

260  + 

82  - 

342 

I ron  (10  mils) 

A  +  R  -  SE 

(db)  (db) (dbl 


169  +  19 

=  188 

363  +  28 

-  391 

1060  +  42 

-  1 102 

1370  +  56 

-  1426 

TABLE  2-10.  SHIELDING  EFFECTIVENESS  IN  PLANE  WAVE  FIELD  (WAVE 
IMPEDANCE  EQUAL  TO  377  OHMS)  OF  SOLID  COPPER  AND 
IRON  SHIELDS  FOR  SIGNAL  SOURCE  GREATER  THAN  2  1 
FROM  THE  SHIELD  AT  150  KC  TO  100  MC 


Frequency 

(me) 

Copper 
A  ♦ 

-  IM 

(10 

R 

«£db] 

mils) 

-  ^ 

1  ron 
A  + 
(db) 

(10 

R 

(db) 

mi  Is) 

-  SE 

-  (dbl 

0.15 

13  ♦ 

117 

-  130 

169  + 

79 

-  248 

1.0 

33  ♦ 

108 

-  141 

363  ► 

72 

*  435 

15 

129  + 

96 

-  225 

1060  + 

63 

-  1123 

100 

334  + 

88 

-  422 

1370  + 

60 

O 

rr\ 

-* 

■ 
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10*4  10*3  to*2  to*1  1  10  100  1000  10,000 

MKOUINCV,  MC 

1  AND  2  *  ABSORPTION  LOSS  PER  MIL  THICKNESS  OP  METAL 

3  AND  4  *  REFLECTION  LOSS  -  ELECTRIC  WAVES 

5  AND  6  8  REFLECTION  LOSS  -  PLANE  WAVES 

7  AND  8  S  REFLECTION  LOSS  -  MAGNETIC  FIELDS 

SHIELDING  EFFECTIVENESS  S  REFLECTION  LOSS  ♦  ABSORPTION  LOSS 

SE  :  A 

FOR  COPPEWJ  ELECTRIC  FIELD.SE  *  CURVE  3  ♦  CURVE  1  *  "t"  (THICKNESS  IN  MILS)* 

MAGNETIC  FIELD;SE  S  CURVE  7  ♦  CURVE  1  *  *t*  (THICKNESS  IN  MILS)* 

PLANE  WAVE;SE  *  CURVE  5 *  CURVE  1*  *t*  (THICKNESS  IN  MILS)* 

FOR  IRON;  ELECTRIC  FIELD.SE  S  CURVE  4  +  CURVE  2*  *t*  (THICKNESS  IN  MILS)* 

MAGNETIC  FIELD*, SE  *  CURVE  8*  CURVE  2  *  "t*  (THICKNESS  IN  MILS)* 

PLANE  WAVE;SE  S  C .  1VE  6  +  CURVE  2«*t*  (THICKNESS  IN  MILS)* 

«  IF  THE  SHIELD  IS  ELECTRICALLY  THIN  (A  LESS  THAN  JO  OB),  THEN  CALCULATE  THE  B  FACTOR 

AND  INCLUDE  IN  THE  SHIELDING  EFFECTIVENESS  EOUATION  (SE  I  R+A+B)  IN1212-119 

Figure  2-24.  Shielding  Effectiveness  in  Electric,  Magnetic  and  Plane  Wave 
Fields  o<  Solid  Copper  and  Iron  Sh:elds  (For  Signal  Source 
12  Inches  From  Shield  At  100  CPS  To  10  KMC 
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LOSS,  IS  PEI  NIL 


200 


FIEPENCV,  NC 


TNifcl2-Jt8 


Figure  2-25.  Absorption  Loss  for  Copper  and  Iron,  OB  Per  Mil 


(3)  To  obtain  shielding  effectiveness  values  for  copper  and  iron 
from  figure  2*24,  the  following  example  should  be  used  as  a 
guide:  The  shielding  effectiveness  of  copper  in  an  electrical 
field  Is  the  sum  of  curve  3  and  curve  I  multiplied  by  t,  the 
thickness  in  mils  cf  tl.e  copper  shield.  If  the  shield  is  elec¬ 
trically  thin  (A  less  than  10  db) ,  then  the  B-factor  should  be 
calculated  and  included  in  the  shielding  effectiveness  equation 
(SE  *  ft  +  A  +  B) .  The  B- factors  for  copper  and  iron  in  an 
electrical  field,  magnetic  field,  and  for  plane  waves  are  showr  In 
table  2*11.  The  ordinates  for  curves  I,  2,  and  8,  below  10  kc, 
on  figure  2-24,  are  too  small  to  be  properly  represented  graph¬ 
ically;  therefore,  the  values  should  be  obtained  from  the  tables. 
The  curves  were  plotted  for  sources  located  a  nominal  distance 
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of  12  inches.  Tor  other  distances,  the  losses  can  be  recal¬ 
culated.  If  the  distance  is  much  less  than  12  inches,  re¬ 
flection  loss  to  magnetic  fields  will  be  smaller,  and  reflec¬ 
tion  loss  to  electric  fields  greater. 

(4)  The  results  of  shielding  effectiveness  calculations  for  cop¬ 
per,  7  mils  thick,  and  steel,  1  mil  and  50  mils  thick,  in 
electric,  magnetic,  and  plane  wave  fields  at  a  distance  of 
165  feet  are  plotted  on  figures  2-26,  -27  and  -28  and  summa¬ 
rized  in  tables  2-12,  -13*  and  -14.  The  shielding  effective¬ 
ness  is  calculated  by  using  equation  2-1:  SE  *  R  +  A  +  B. 

R  can  be  calculated  for  several  distances  for  the  electric, 
magnetic,  and  plane  wave  fields  (tables  2-15*  -16,  end  -17, 
respectively).  The  values  for  steel  and  copper  are  plotted 
on  figures  2-23  and  2-30.  For  example,  at  10  kc,  tor  steel 
in  an  electric  field  at  a  distance  cf  one  mile,  figure  2-23 
shows  98  db  of  reflection  loss.  At  150  kc,  for  copper  in  a 
magnetic  field  at  a  distance  of  24  inches,  figure  2-30  ~>hows 
62  db  of  reflection  loss.  The  absorption  power  loss,  A,  can 
be  calculated  for  each  thickness  of  metal.  In  table  2-18, 
the  values  for  steal  (I  mil  and  50  mils  thick)  and  copper  (7 
mils  thick)  are  given.  These  values  are  plotted  on  figure 
2-31.  The  B-factors  are  summarized  in  table  2-19* 

(5)  As  a  sample  calculation,  the  shielding  effectiveness  of  steel 
(I  mil  thick)  at  30  cps  in  an  electric  field  165  feet  distant 
from  the  source  is  determined  as  follows:  SE  ■  R  +  A  *■  B 

where  R  -  203  db  (from  table  2-15) 

A  *  0.2  db  (from  table  2-18) 

B  -  -27.0  db  (from  table  2-19) 

Sfc~=  176.2  db 
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TABLE  2-11.  B-FACTORS  IN  ELECTRIC,  MAGNETIC,  AND  PLANE  WAVE 
FIELDS  OF  SOLID  COPPER  AND  IRON  SHIELDS 


Shield 

Thickness 

Mis)  _ 

60  cps 

100  cps 

1  kc 

10  kc 

1Q0  kc 

1  me 

Copper,  p 

■  1,  G  ■  1,  Magnetic  Fields 

1 

-22.22 

-24.31 

-28.23 

-19-61 

mmm 

-2.61 

5 

-21 .30 

-22.07 

-15.83 

-  6.98 

40.14 

10 

-19-23 

-18.59 

-10.37 

-  2.62 

31X39* 

0 

20 

-15-35 

-13-77 

-  5-41 

4  0.13 

-  0.10 

30 

-12-55 

-10.76 

-  2.94 

4  0.58 

0 

50 

-  8.88 

-  7-07 

-  0.58 

0 

100 

-  4.24 

-  2.74 

4  0.50 

200 

-  0.76 

4  0.05 

0 

300 

+  0.32 

4  0.53 

Copper,  p 

■  1 ,  G  -  1 , 

Electric  F 

ields  and  F 

’lane  Wavi 

ss 

1 

-41.52 

-39-31 

-29.38 

•19-61 

MEM 

-2.61 

5 

-27-64 

■25-46 

-15.82 

-  6.96 

mm 

40.14 

10 

-21.75 

-19-61 

-10.33 

-  2.61 

ReH 

0 

20 

•15-99 

-13-92 

-  5-37 

4  0.14 

USE! 

30 

-12-73 

-10.73 

-  2.90 

4  0.58 

50 

-  8.81 

-  6.96 

-  0.55 

4  0.14 

mm i 

100 

-  4.08 

-  2.61 

4  0.51 

0 

II 

200 

•  0.62 

4  0.14 

0 

300 

4  0.41 

4  0.58 

1 

Iron,  p  ■ 

M7.  Magnet 

tc  Fields 

1 

♦  0.95 

4  1.23 

-  1.60 

-  1.83 

5 

♦  0.93 

4  0.89 

-  0.59 

0 

10 

4  0.78 

4  0.48 

4  0.06 

20 

♦  0.35 

4  0.08 

0 

30 

+  0.06 

-  0.06 

50 

0 

0 

1  ron ,  p  ■ 

1000,  G  -  0.17,  Electr 

ic  Fields  a 

nd  Plane 

Waves 

1 

-19-53 

WBM 

-  8.35 

-  1-31 

5 

-  6.90 

mBBm 

4  0.20 

0 

10 

-  2.56 

wmBm 

4  0.36 

20 

4  0.16 

IIEeS 

0 

30 

4  0.58 

50 

4  0.13 

mu 

FREQUENCY.  CPS 


IN  1212 


Figure  2-26.  Shielding  Effectiveness  in  Electric,  Magnetic  and  Plane 
Wave  Fields  of  Copper  Shield  (7  HI  I  Thickness)  for  Sig¬ 
nal  Sources  165  Feet  From  the  Shield 


SHIELDING  EFFECTIVENESS,  OS 


Figurs  2-27*  Shielding  Effectiveness  in  Electric,  Magnetic  and  Plane  Wave 
Fialds  of  Steal  Shield  (I  Mil  Thickness)  for  Signal  Sources 
165  Feet  From  the  Shield 
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SMI  ELDING  EFFECTIVENESS,  OB 


10  iO2  103  104  I05  10®  I07  10®  I09  10'° 

FREQUENCY,  CM  Msis-ici 

Figure  2-28.  Shielding  £f fcct i veness  in  Electric,  Magnetic  and  Plane 
Wave  Fields  of  Steel  Shield  (50  Mi!  Thickness)  for  Sig¬ 
nal  Sources  165  Feet  From  the  Shield 


TASLE  2*12.  SHIELDING  EFFECTIVENESS  IN  ELECTRIC.  MAGNETIC,  AND 
PLANE  WAVE  FIELDS  OF  COPPER  SHIELD  (7  MIL  THICKNESS) 
FOR  SIGNAL  SOURCE  165  FEET  FROM  THE  SHIELD  AT  30  CPS 
TO  10  KMC 


Frequency 

■m 

Electric  Field 

mm.. 

Magnetic  Field 

...  MM  ..  ... 

30  cps 

122 

213 

32 

60  cps 

122 

207 

39 

100  cps 

122 

202 

42 

500  cps 

123 

189 

57 

1  kc 

123 

183 

63 

IG  kc 

123 

163 

83 

50  kc 

123 

149 

98 

150  kc 

!?.4 

140 

108 

1  me 

131 

— 

— 

3  me 

144 

— 

— 

10  me 

172 

— 

— 

15  me 

187 

— 

— 

100  me 

322 

— 

— 

1000  me 

818 

— 

— 

1500  me 

981 

— 

— 

10  kmc 

2408 

— — 

— — 
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ThBLE  2-13'  SHIELDING  EFFECTIVENESS  IN  ELECTRIC,  MAGNETIC,  AND 
PLANE  WAVE  FIELDS  OF  STEEL  ShiELD  ( I  MIL  Ti-UCKKZSS) 
FOR  SIGNAL  SOURCE  165  FEET  FROM  THE  SHIELD  AT 
30  CPS  TO  10  KMC 


Frequency 

Plane  Wave 

. w  .  , 

Electric  Field 

r  .  ....  i&i 

Magnetic  Field 

.......  .m . . . 

30  cps 

85 

175 

4 

60  cps 

36 

171 

6 

100  cps 

86 

166 

1 0 

500  cps 

86 

152 

21 

1  kc 

86 

146 

26 

10  kc 

86 

125 

46 

50  kc 

87 

113 

1  6i 

150  kc 

89 

105 

73 

1  me 

98 

— 

— 

3  me 

no 

— 

— 

10  me 

136 

— 

— 

15  me 

142 

— 

— 

100  me 

164 

— 

— 

1000  me 

287 

— 

— 

1500  me 

186 

— 

10  kmc 

164 

_ 1 

— 

— 
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TABLE  2-14.  SHIELDING  EFFECTIVENESS  IN  ELECTRIC,  MAGNETIC,  AND 
PLANE  WAVE  FIELDS  OF  STEEL  SHIELD  (50  NIL  THICKNESS) 
FOR  SIGNAL  SOURCE  165  FEET  FROM  THE  SHIELD  AT  30  CPS 
TO  10  KMC 


Frequency 

nm 

Electric  Field 

_ 

Magnetic  Field 
(8b) 

30  cps 

121 

21 1 

31 

60  cpa> 

123 

208 

39 

100  cps 

125 

205 

46 

500  cps 

138 

204 

73 

1  kc 

151 

211 

91 

10  kc 

249 

289 

210 

50  kc 

455 

481 

430 

150  kc 

725 

741 

709 

1  me 

1465 

— 

— 

3  me 

23H 

— 

— 

10  me 

3801 

— 

— 

15  me 

4140 

— 

— 

100  me 

5338 

— 

— 

1000  me 

11850 

— 

— 

1500  me 

6547 

— 

— 

10  kmc 

5338 

— 

— 
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TABLE  2-15*  TOTAL  REFLECTION  LOSS  IN  ELECTRIC  FIELD  (WAVE 
IMPEDANCE  MUCH  GREATER  THAN  377  OHMS)  AT  BOTH 
SURFACES  OF  SOLID  STEEL  AND  COPPER  SHIELDS 


frequency 

DB 

3 

Loss 

Steel  || 

Distance  From  Source  To  SI 

Copper 

lield 

msJBam 

■UuHEBI 

24  in. 

m&Mm 

I  mile 

mmm 

241 

203 

173 

282 

— 

243 

213 

233 

195 

165 

273 

235 

205 

E99 

226 

188 

158 

266 

228 

198 

500  cps 

205 

167 

137 

245 

207 

177 

1  kc 

196 

158 

128 

236 

198 

168 

10  kc 

166 

128 

98 

206 

168 

138 

50  kc 

145 

107 

77" 

185 

147 

117b 

150  kc 

131 

92 

— 

171 

132 

— 

1  me 

108 

69b 

— 

146 

-O 

OO 

O 

— 

3  me 

91 

— 

— 

132 

— 

— 

10  me 

79 

— 

— 

116 

— 

— 

15  me 

75 

— 

— 

111 

— 

— 

100  me 

56b 

■■■■■ 

1  1111 

.O 

v£> 

OO 

alf  penetration  loss  is  less  than  10  db,  the  total  reflection  loss  must 
be  corrected  by  use  of  B- factor. 

bAt  these  frequencies,  the  wave  impedance  approaches  that  of  plane  waves 
(r>  X  ),  and  the  values  for  plane  wave  reflection  loss  should  be  used. 
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TABLE  2-16.  TOTAL  REFLECTION  LOSS  IN  MAGNETIC  FIELD  (WAVE 
IMPEDANCE  MUCH  SMALLER  THAN  377  CHMS)  AT  BOTH 
SURFACES  OF  SOLID  STEEL  AND  COPPER  SHIELDS 


DB 

Loss* 

Frequency 

Steel 

Copper 

Distar 

ice  From  S<! 

urce  To  S 

n  i  el  d 

24  in. 

1  mile 

24‘  in. 

wmzmnm 

30  cps 

-1 

24 

53 

63 

93 

60  cps 

-1.4 

26 

56 

66 

96 

100  cps 

-1.2 

30 

59 

30 

69 

99 

500  cps 

1.4 

36 

66 

37 

76 

106 

1  kc 

3.2 

39 

69 

40 

79 

109 

10  kc 

11 

49 

79 

50 

89 

119 

1 

18 

56 

86b 

57 

96 

129b 

23 

60 

— 

62 

100 

— 

1  mz 

32 

70b 

— 

70 

109b 

— 

3  me 

37 

— 

— 

75 

— 

— 

10  me 

43 

— 

— 

80 

— 

— 

15  me 

46 

— 

— 

82 

— 

— 

100  me 

60b 

90b 

*|f  penetration  loss  Is  lass  than  10  db,  the  total  reflection  loss  must 
be  corrected  by  use  of  B-factor. 

bAt  these  frequencies,  the  wave  Impedance  epproeches  that  of  plane  waves 
(r»X  ),  and  the  values  for  plane  wave  reflection  loss  should  be  used. 
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TABLE  2-! 7-  TOTAL  REFLECTION  LOSS  IN  PLANE  WAVE  FIELD 
(WAVE  IMPEDANCE  EQUALS  377  OHMS)  AT  BOTH 
SURFACES  OF  SOLID  STEEL  AND  COPPER  SHIELDS 


DB  Loss* 


Frequency 

Steel 

Copper 

30  cps 

1)3 

153 

60  cps 

no 

150 

100  cps 

108 

148 

500  cps 

101 

141 

1  kc 

98 

138 

10  kc 

88 

128 

50  kc 

81 

121 

150  kc 

76 

1 16 

1  me 

70 

108 

3  me 

66 

103 

10  me 

61 

90 

15  me 

60 

96 

100  me 

58 

88 

1000  me 

51 

78 

1500  me 

56 

76 

10  kmc 

58 

68 

*lf  penetration  loss  Is  less  than  10  db,  the  total  re¬ 
flection  loss  must  be  corrected  by  use  of  B-factor. 
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M  'CtOI  NOi 133143* 
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TABLE  2-18.  PENETRATION  LOSS  OF  STEEL  ANO  COPPER  SHIELDS  AT 
30  CPS  TO  10  KMC 


Frequency 

1 OB  Loss  “ 

1  Mil  Steel 

—  1  ■  IMP  1 1 1  Mi 

7  Mi  1  Copper 

30  cps 

0.2 

9 

0.13 

60  cps 

0.3 

13 

0.18 

100  cps 

0.3 

17 

0.23 

500  cps 

0.7 

37 

0.52 

1  kc 

1 .0 

53 

0.74 

10  kc 

3.2 

161 

2.34 

50  kc 

7-5 

374 

5.23 

150  kc 

13 

649 

9 

1  me 

28 

1395 

23 

3  me 

45 

2245 

40 

10  me 

75 

3740 

74 

15  me 

82 

4080 

90 

100  me 

106 

5280 

234 

1000  me 

236 

11800 

740 

1500  me 

130 

6490 

905 

10  kmc 

106 

5280 

1 

2340 
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ABSORPTION  LOSS,  DB 


PftfQUENCY,  CPI  Wtttt-iae 


Figure  2-3* •  Absorption  Loss  for  Steel  end  Copper  Shields  et  30  CPS  to 
10,000  MC 
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500  cps  -16.0  -19.0  I  500  cps  -15.6  -19.0 
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Th?  shielding  effectiveness  can  be  designed  so  that  part  of 
the  burden  is  carried  by  the  reflection  loss  and  the  rest  by 
the  absorption  loss.  The  reflection  loss  in  the  electric 
field  decreases  inversely  with  frequency  and  approaches  the 
plane  wave  reflection  loss  curve,  while  the  reflection  loss 
in  the  magnetic  field  increases  inversely  with  frequency  and 
approaches  the  plane  wave  reflection  curve  (fig.  2-24).  The 
penetration  loss  of  iron  at  10  me  is  about  70  db  greater  than 
the  magnetic  field  reflection  loss,  but,  at  100  kc,  it  is  a 
few  db  less  than  the  reflection  loss.  These  factors  should 
be  fully  considered  when  designing  metal  shields.  For  exam¬ 
ple,  if  shielding  against  electric  fields  at  frequencies  of 
about  10  kc  is  necessary,  the  tremendous  reflection  loss 
(over  200  db  on  curve  3  of  figure  2-24)  should  be  utilized 
rather  than  the  absorption  loss  alone.  To  summarize,  shield¬ 
ing  effectiveness  is  the  result  of  R  +  A  +  B  together  and  not 
any  single  part.  At  frequencies  as  low  as  60  cps,  penetra¬ 
tion  loss  and  reflection  loss  become  negligible  for  magnetic 
fields  so  that,  for  lower  frequencies,  very  thick  metallic 
barriers  may  be  necessary  to  shield  against  magnetic  fields. 

(6)  Based  on  the  examples  given  In  table  2-20,  a  metallic  barrier 
made  of  iron  with  a  thickness  of  300  mils  must  be  provided  to 
obtain  a  shielding  effectiveness  of  100  db  at  60  cps  for  mag¬ 
netic  fields.  For  copper  and  Iron,  reflection  and  penetra¬ 
tion  losses  are  small  for  magnetic  fields  at  low  frequencies. 
Since  magnetic  materi  ils,  such  as  Mu-metal,  have  high  permea¬ 
bility  at  low  frequei  ;ies,  and  therefore  high  absorption  loss, 
they  are  more  effective  as  shields.  The  resulting  increase  in 
absorption  loss  is  obtained  at  the  expense  of  a  reduction  in 
reflection  loss.  The  following  are  general  rules  for  selec¬ 
tion  cf  shielding  materials: 
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TABLE  2-20.  EXAMPLES  FOR  CALCULATING  SHIELDING  EFFECTIVENESS 
OF  SOLI O-METAL  SHIELD 


10  KL  • 

—  io  m: 

;  u 

magi 

\  Electric  Field  i 

Plane 

Wave 

1  ron 

Copper 

1  ron 

Reflection 

flQfEU 

msm 

WfMM 

128.0 

90.5 

Absorption 

1 

■ 

mBm 

3-3 

43-5 

B-Factor 

mm 

n i 

■EM 

-2.6 

0 

Total  Loss 
(db) 

45.2 

51. 5 

i 

212.7 

i 

|  217.5 

128.7 

134.0 

Reflection 

Absorption 

B-Factor 

60  CPS  -  Magnetic 

1  Mil  1 

10  Mils 

300  Mils 

1 

1  ron 

1  ron 

CoDoer 

1  ron 

22. '• 
0.U3 
-22.2 

n 

22.4 

0.26 

-19.2 

•0.9 

3.34 

+0.78 

22.4 

7.80 

+0.32 

-0.9 

100.0 

0 

Total  Loss 
(db) 

0.23 

0.38 

3.46 

3.22 

30-52 

99.1 

, 

1.0  KC  -  30  M 

Is  -  Maanetic 

mm 

Copper 

1  ron 

Copper 

1  ron 

Re  f 1 ec  t i on 

44.20 

8.0 

34.2 

0.9 

Absorption 

10.02 

130.5 

1.06 

13.70 

B-Factor 

-  +0*58 

0 

•10.37  _ 

+0.06 

Total  Loss 
(db) 

54.80 

138.5 

24.89 

1 4. 66 

Reflection 

Absorption 

B-Factor 

10  Mils - Copper 

150  KC  1 

1 

1  MC 

Elec¬ 

tric 

Magnetic 

■TOM 

1  ran 

Plane 

Waves 

Mag¬ 

netic 

176.8 

12.9 

+0.5 

■MM 

■BUM 

56.0 

12.9 

+0.5 

108.2 

33.4 

0 

64.2 

33.4 

0 

Total  Loss 
(db) 

190.2 

130.4 

L— _____ 

69.4 

185.4 

141.6 

97-6 
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1)  Good  conductors  such  as  copper,  aluminum,  and  magnesium 
should  be  'ised  for  high-frequency  shields  to  obtain  the 
highest  reflection  loss 

2)  Magnetic  materials  such  as  Iron  and  Mu-metal  should  be 
used  fc  low-frequency  shields  to  obtain  the  highest  ab¬ 
sorption  loss 

3)  Any  structurally  sound  shielding  material  will  usually  be 
thick  enough  for  shielding  electric  fields  at  any  frequen¬ 
cy 

4)  To  provide  a  given  degree  of  shielding,  reference  to  the 
curves  of  absorption  loss  permit  quick  estimates  of  the 
required  metal  and  thickness.  In  most  applications,  it 
is  necessary  to  reduce  a;i  interference  field  to  some  spe¬ 
cified  level.  This  shielding  reqi i remen t  can  be  determined 
by  measuring  the  interference  field  without  the  shield  and 
comparing  it  with  the  specification  limits 

2-17.  Multiple  Shielding 

a.  General .  The  shielding  requirements  necessary  to  protect  against 
magnetic  field  transference  are  more  difficult  to  achieve  at  low  frequen¬ 
cies  than  at  frequencies  above  several  megacycles.  Low-f requsncy  shields 
must  hav6  either  high  conductivity  or  high  permeability.  In  the  normal 
power- frequency  range,  for  example,  copper  must  be  very  th’ck  to  serve  as 
a  practical  magnetic  shield.  Mu-metal  and  similar  type  nhih-permeabi  I  i  ty 
alloys  provide  good  shielding  for  iow-f requency  weuk  ffe!dr;  multiple  mag¬ 
netic  shielding  Is  recommended  for  low-frequency  st'v.g  fields.  Power 
transformers  and  audio  transformers,  mounted  net  eac n  other,  may  require 
multiple  shielding  to  pievent  magnetic  transfer  between  them  and  to  mini¬ 
mize  interference.  Good  shielding  effectiveness  for  electrical  fields  may 
be  obtained  with  shields  of  high  conductivity,  such  as  copper  or  aluminum. 
Equation  2-8  shows  that  shielding  effectiveness  for  electric  (high-imped¬ 
ance)  fiel  js  is  infinite  at  zero  frequency  and  decreases  with  increasing 
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frequency.  On  the  other  hend,  magnetic  ( low- impedance)  fields  are  diffi¬ 
cult  to  shield  at  low  frequencies  because  reflection  losses  may  approach 
zero  for  certain  combinations  of  material  and  frequency.  Reflection  and 
absorption  losses  decrease  with  decreasing  frequency  for  non-magnet ic 
materials.  At  high  frequencies,  the  snielding  effectiveness  is  good  be¬ 
cause  of  reflections  from  the  surface  ard  lapid  oissipation  of  the  field 
by  penetration  losses.  At  low  frequenc  es ,  it  is  also  possible  to  ob¬ 
tain  good  reflection  losses  in  magnetic  materials  that  may  be  used  to 
provide  a  safety  factor  in  design.  When  much  of  the  isefulness  of  shield 
ing  is  due  to  reflection  loss,  two  or  more  layers  of  metal,  separated  by 
dielectric  materials  and  yielding  multiple  reflections,  will  prc/ide 
greater  shading  than  the  same  amount  of  metal  in  a  single  sheet.  Cop¬ 
per,  Mu-metal,  iron,  conetic  and  netic  type  materials,  and  other  metals, 
some  with  excellent  electric-field  reflection  loss  and  some  with  excel¬ 
lent  magnetic  field  absorption- loss  properties,  can  be  effectively  used 
in  combination.  The  results  are  composite  antimagnetic  and  antielectric 
field  shields  of  usable  physical  proportions.  In  many  applications,  it 
is  possible  to  reduce  shielding  effectiveness  requirements  for  the  over¬ 
all  equipment  housing  by  eioloying  suppression  techniques  within  the 
equipment.  The  recommended  techniques  make  use  of  component  shields,  fit 
ters  at  the  source  of  the  undesired  signal  interference,  partial  shields, 
isolation  of  circuits  by  decoupling,  short  leads,  and  the  ground  plane  as 
the  ground  return  lead. 

b^  Multiple  Shi  tiding  Applications. 

(I)  When  shielding  must  be  highly  effective,  it  is  customary  to 
employ  multiple  shields.  An  effective  method  of  handling  a 
cabinet  cover  problem  by  multiple  shielding  is  shown  on  fig¬ 
ure  2-32A.  The  cover  shield  Is  in  the  form  of  a  sandwich, 
the  center  of  which  is  insulating  material.  The  inner  con¬ 
ducting  surface  of  the  lid  makes  spring  contact  with  the 
inner  side  of  the  shield,  while  the  outer  conductor  of  the 
lid  makes  spring  contact  with  the  outer  side  of  the  shield. 
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A.  SANDWICH  TYPE  OF  UO  FOR  A  SHIELDED  ENCLOSURE. 


SINGLE-POINT 

CONNECTION 


INNER  SHIELD 


OUTER  SHIELD 


BETWEEN  SHIELDS 


B.  MULTIPLE  SHIELDING  SYSTEM  PROVIDED  WITH  A  SINGLE  POINT  CONNECTION  BETWEEN  THE  SHIELOS. 


Figure  2-32.  Multiple  Shielding  Applications 


IN 12 12-120 
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Such  an  arrangement  is  several  hundred  times  as  effective  as 
a  simple,  all-metal  lid  with  spring  fit,  and  is  satisfactory 
under  many  circumstances  that  would  otherwise  require  wing- 
nut  clamping  arrangements. 

(2)  The  most  important  source  of  energy  fields  in  a  signal  gen¬ 
erator  is  the  oscillator  circuit  coil;  the  effectiveness  of 
the  shielding  system  is  greatly  increased  if  the  coil  is  en¬ 
closed  in  an  auxiliary  shield,  which  is  placed  inside  the 
main  shield.  In  some  cases,  the  entire  tuned  circuit,  or  the 
oscillator  tube  and  associated  rf  tuned  circuits  and  chokes, 
are  placed  in  a  separate  shield  that  is  within  the  main  shield. 
In  general,  refinements  such  as  filters  for  leads  or  single¬ 
point  grounding  are  not  used  in  such  a  coil  or  tuned-circuit 
shield.  If  the  shielding  that  results  with  such  an  arrange¬ 
ment  is  not  adequate,  the  main  shielding  container  is  placed 
inside  an  outer  shield.  As  shown  on  figure  2-32B,  the  inner 
shield  is  insulated  from  the  outer  shield  except  for  a  single 
connection  between  the  two.  This  arrangement  precludes  the 
possibility  of  currents  circulating  around  a  loop  completed 
between  the  shields.  In  such  an  arrangement,  leads  passing 
through  both  inner  and  outer  shields  are  commonly  provided 
with  additional  filtering  located  in  the  space  between  the 
shields.  Shafts  that  extend  from  the  outside  to  the  inner 
compartment  should  be  of  nonconducting  material  to  avoid  in¬ 
troduction  of  additional  electrical  connections  between  the 
shiel ds. 

(3)  To  determine  the  thickness  of  the  shielding  required  for  a 
transmission  tine  cable,  the  output  of  a  100-watt  transmitter 
is  fed  into  an  antenna  by  a  50-ohm  shielded  coaxial  transmis¬ 
sion  line  cable.  The  inside  diameter  of  the  cable  is  0.5 

inch  (fig.  2-33) •  Allowable  magnetic  field  levels  are:  at  150 
kcjup  to  3000  pV/meter-kc  (bandwidth);  at  10  mC|Up  to  30  pV/ 
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CENTER  CONCUCTOR 


Rj  :  RADIUS  TO  SHIELD  OF  CABLE 
R2  :  RADIUS  TO  POINT  IN  SPACE 

PC  :  RADIATED  INTERFERENCE  POWER  AT  CENTER  OF 
TRANSMISSION  CABLE 

H|2  :  MAGNET I C  FIELD  INTENSITY  AT  STODOART  ANTENNA 
HRj  :  MAGNETIC  FIELD  INTENSITY  AT  POINT  IN  SPACE 

IN1212-127 


Figure  2-33.  Shielding  For  Transmission  Cable 

meter-kc  (bandwidth).  Both  limits  apply  when  measured  with 
the  8-inch  loop  of  a  Stoddart  NH-20  field  intensity  meter  at 
a  distance  of  12  inches.  The  bandwidth  of  the  NM-20  i s  2  kc 
wide  at  150  kc,  and  6  kc  wide  at  10  me.  The  allowable  mag¬ 
netic  field  intensities  (H)  at  a  distance  of  12  inches  from 
the  shield  are: 

at  150  kc: 


ifigM.  x  2  kc  -  6000uV 

meter-kc  meter 


6000uV/meter  u  15.9  uamos 
377  ohms  meter 


(2-12) 
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at  10  me: 


H 


-  3P  U±-  x 

meter-kc 


6  kc 


180  uV 
meter 


l80»iV/meter 
377  ohms 


477  uamps 
meter 


Hl  2  "  2«(r,  +  12")  Hr2  “  2itr2 


2*( r j  +  12") 

j 


rj  +  12" 

r2 


The  allowable  magnetic  field  intensities  at  a  point- 
side  the  shield  (r2  »  Tj  ■  0.25  inch)  are: 


at  150  kc: 


Hr  .  /Q-25  -*•  II)  15  a  l&m* 
H  2(o)  \  0.25  /  5'9  meter 


780 

meter 


at  10  me: 


Hr,/  x 
2(o) 


■ 


477  ttfmps. 
''  meter 


The  current  in  the  transmits  ion  line  conductor  is: 

2 

100  watts  ■  I  x  50  ohms 
I  »  l.4l  amps 


The  magnetic  field  level  just  inside  the  shield,  0. 
the  center  conductor,  is: 


Hr2(D 


LM  sm.  x  10°  uamps/amo 
2n  x  0.25  inches 


q  x  I06  “-"P*  x  39.4  Inches 
*  *  ,u  Inch  *  meter 


35.5  x  10 


(2-13) 

(2-14) 

just  out- 

(2-15) 

(2-16) 

(2-17) 

15  inch  from 

(2-1 

>  gamps 
meter 
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The  shielding  effectiveness  required  at  150  kc  is: 


SE  -  20  log 


Hr  A 

-  lL'1  „  20  loo  35-r  X  10°  i-amps/meter 
Hr,  y 


2(o) 


780  pamps/meter 


93.2  db 


(2-19) 


The  shielding  effectiveness  required  at  10  me  is: 


SE  -  20  log 


-Hr2l'l  „  20  1  oa  SL5  *  '96  ^ames/mete_r 
Hr^^j  ®  23.6  pamps/meter 


(2-20) 


123.9  db 


The  thickness  required  for  a  solid  copper  shield  to  reduce  these 
interference  fields  to  the  allowable  specified  levels  at  1 50  kc 
with  1.29  db/mil  absorption  loss  (table  2-3)  and  reflection  loss, 
56  db,  for  copper  (table  2-8)  is  as  follows: 


SE  -  93.2  db 


R  +  A  +  B 

56  db  +  —  x  t  +  B 

ffl  I  I 


(2-21) 


1  "  f ^29  db/mi  1  "  m^s  solid  copper  shielding 

The  B- factor  can  be  neglected  because  the  value  of  A  is  well 
above  10  db. 

At  10  me,  the  absorption  loss  is  9.7  db/mil  (table  2-3)  and  the 
reflection  loss  is  72.1  db  for  copper  (table  2-7): 


SE 


123.9  db  -  R  ♦  A  ♦  B 

-  72.1  db  +  9*7  x  t  +  B 


(2-22) 


t  -  51.8  db 
9.7  db/mil 


5.3  mils  of  solid  copper  shielding 


2-83 


2-18.  Corrosicn  Protection 

a.  There  ere  three  methods  for  reducing  corrosion  end  Its  verse  ef¬ 
fects  on  shielding.  The  first  method  depend*  upon  the  use  of  metels  which 
ere  close  together  in  the  electromotive  ectlvity  series.  The  second  meth¬ 
od  is  to  insulete  the  metels  electrically,  possibly  with  one  of  the  organ¬ 
ic  or  electrolytic  finishes,  and  to  seal  the  bonded  joint  against  mois¬ 
ture;  this  method  is  not  acceptable  from  the  interference  viewpoint.  The 
third  and  preferred  technique  is  a  compromise  between  metal  finish  and  in¬ 
terference  reduction  requirements.  It  entails  selection  of  conductive 
finishes,  where  necessary,  to  eliminate  the  electromotive  potential  be¬ 
tween  dissimilar  metals. 

b, .  The  most  commonly  used  metal  for  military  equipment  is  aluminum. 

It  is  chosen  for  its  properties  of  low  weight  and  high  strength  and  is  a 
metal  with  good  shielding  qualities.  It  must,  however,  be  protected 
from  the  elements.  Aluminum  structural  parts,  which  d'  not  need  to  be 
grounded  or  bonded,  should  be  anodized  or  given  an  approved  chemical  film 
finish  in  accordance  with  currently  applicable  specifications.  A  2-  to  5~ 
minute  immersion  in  a  solution  containing  5  to  10  percent  chromic  acid  in 
water,  and  maintained  at  49*  to  60*C,  may  be  used  Instead  of  anodizing;  or 
a  chemical  film  in  accordance  with  currently  applicable  specifications  may 
be  used  on  parts  fabricated  from  aluminum  1100,  and  aluminum  alloys  3003, 
5052,  6053,  6061,  6063,  7072,  or  equivalent.  For  aluminum  structural 
parts  that  need  to  be  electrically  bonded  or  grounded,  aluminum  1100, 
alloys  3003,  5052,  6053,  6061,  6063,  7072,  or  equivalent  should  be  used, 
unanodized.  A  caustic  dip,  with  or  without  water  lacquer  finish.,  is  sat¬ 
isfactory  for  aluminum  alloys. 

£.  For  interference  reduction  purposes,  mating  surfaces  of  structures, 
or  bonding  connections  between  cases  and  mounting  basest  should  be  free  of 
any  protective  coating  that  would  result  in  a  higher  impedance  path  than 
that  provided  by  bare  metal -to-metal  contact.  Those  areas  of  a  structure 
to  be  joined  should  be  masked  and  kept  clean  before  protective  finishes 
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•re  applied.  The  masked  areas  will  then  require  only  wi re-brushing  before 
joining.  The  following  should  be  removed  from  the  contact  area: 

1)  Grease  and  oi I 

2)  Organic  finishes  (zinc-chromate  primers,  lacquers,  and  enamels) 

3)  Inorganic  finishes 

4)  Corrosion-preventive  compounds 

5)  Phosphate- type  finishes  (Parker i zi ng) 

6)  Oxide  films 

The  following  need  not  be  removed: 

1)  Cadmium  plate 

2)  Tin  plate 

3)  I r i di te  finish 

4)  Zinc  plate  without  after-treatment 

d.  The  corrosion  problem  is  ever-present  in  soldering.  Corroded  sur¬ 
faces  are  difficult  to  solder,  and  soldering  may  result  in  corroded  sur¬ 
faces  unless  rosin,  which  is  noncorrosive,  is  used  as  a  soldering  flux. 
Three  flux  types,  chloride,  organic  acid  (waxes),  and  organic  base,  are 
all  corrosive.  They  differ  only  In  their  rata  of  attack.  Electrical 
joints  between  small,  clean  metal  parts  should  be  made  with  rosin  flux, 
which  may  be  conveniently  applied  as  a  core  within  the  solder  wire  itself. 
A  good  soldered  joint  is  still  likely  to  exhibit  an  appreciable  contact 
res! stance. 

e.  Joined  metals  should  be  close  together  in  the  electromotive  force 
series:  magnesium  should  not  be  joined  to  brass  or  nickel  because  such  a 
combination  will  cause  excessive  corrosion  of  the  magnesium.  If  the 
metals  are  not  close  together  in  the  electromotive  force  series,  the 
joined  metals  should  be  of  such  relative  sizes  that  the  attacked  metal 

is  the  more  abundant.  For  example,  iron  bolts  on  magnesium  plates  are 
fairly  satisfactory;  however,  aluminum  rivets  on  brass  plates  are  not. 
Another  principle  to  observe  is  that  joints  should  be  kept  tight  and  well 
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coated  to  ber  the  entrance  or  exit  of  liquids  and  gases.  A  galvanic  cou¬ 
ple  is  harmless  without  moisture,  and  its  corrosive  power  is  reduced  when 
the  electrodes  are  coated  with  gas  that  cannot  escape.  Combinations  such 
as  silver  and  platinum,  copper  and  monel,  cadmium  and  steel,  are  known  to 
be  compatible. 

_f.  For  interference  suppression  purposes,  Iridite  No.  14  type  finishes 
are  preferable.  Unlike  anodizing  and  cercain  other  chemical  treatments, 
the  iridite  film  is  neither  an  oxide  nor  a  phosphate;  it  is  of  a  complex 
chromi urn- chromate  nature  and  is  generated  by  a  reaction  that  occurs  when 
an  aluminum  part  is  immersed  in  the  iridite  solution.  In  this  way,  the 
film  becomes  an  integral  part  of  the  metal  itself,  rather  than  a  superim¬ 
posed  film  such  as  paint.  A  solution  of  Iridite  No.  14  is  applied  by  dip, 
brush,  swab,  or  spray;  it  produces  a  clear  to  yellow  corrosion-resistant 
film  on  aluminum  and  its  alloys.  The  solution  is  applied  at  room  tt.ipera- 
ture  and  produces  a  film  that  can  be  used  as  a  clear  final  finish  or  dyed 
various  colors.  It  is  an  ideal  base  for  paints  or  lacquers  and  can  also 
be  used  as  a  base  for  rubber  bonding.  The  solution  has  a  wide  operating 
range  and  provides  excellent  corrosion  resistance,  easy  control,  and  low 
cost.  The  intensity  or  color  of  the  film  is  controlled  by  varying  the 
time  of  treatment.  A  short  treatment  of  as  little  as  10  seconds  provides 
protection  without  changing  the  appearance  of  the  a.uminum;  immersion  for 
longer  periods,  in  the  order  of  3  minutes,  produces  a  y?.i  i  ■>>  coating  pro¬ 
viding  maximum  corrosion  protection.  Iridite  No.  14,  in  contrast  with 
other  protective  chemical  treatments  for  aluminum,  has  very  little  effect 
on  electrical  characteristics  for  either  high-  or  low-frequency  work. 

The  coating  is  often  used  to  protect  abraded  anodized  surfaces  an^at  the 
same  tim^  provide  electrical  contact  to  those  surfaces.  The  iridite  sur¬ 
face  can  be  easily  welded  by  the  shielded  arc  method  and  can  be  spotwelded 
under  limited  conditions.  For  brush  application,  Iridite  No.  14-2  is  gen¬ 
erally  more  acceptable  than  Iridite  No.  14,  since  it  is  possible  to  devel¬ 
op  the  protective  coating  much  more  quickly,  particularly  when  a  high  con¬ 
centration  is  used.  If  the  aluminum  has  been  thoroughly  deoxidized  prior 
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to  treatment,  Iridite  No.  14  or  14-2  will  be  electrically  conductive  over 
the  range  from  60  cps  to  40, COO  megacycles.  Compared  to  anodic  films, 
iridite  films  exhibit  extremely  low  electrical  resistance  to  both  ac  and 
dc.  Corrosion  protection  can  be  applied  to  such  items  as  chassis  shields, 
mounting  brackets,  waveguides,  and  connector  plugs  without  interfering 
with  their  electrical  characteristics  or  ground  connections.  Tables  2-21 
and  2-22  show  relative  dc  resistance  measurements,  both  before  and  after 
salt-spray  exposure.  Figures  2-34  and  2-35  depict  the  equivalent  rf 
series  resistance  of  treated  and  untreated  aluminum.  The  iridite  finish 
satisfies  Specification  MIL-C-5541.  A  similar  chromate  finish,  Alodyne 
1200,  also  satisfies  this  specification.  Alodyne  1200  is  electrically 
compatible  with  iridite;  both  are  recommended  as  corrosion  finishes  for 
al umi num. 

2-19*  Enclosure  Seam  Design 

The  final  shielding  effectiveness  of  an  enclosure  is  mainly  a  function 
of  its  design  rather  than  its  construction  because  case  openings  «-ams 
used  in  case  construction  are  usually  not  designed  to  take  full  advantage 
of  the  capabilities  of  the  shielding  material.  The  design  of  seams  re¬ 
quires  that  joints  be  arc  welded,  bolted,  spot  welded,  or  treated  to  pro 
duce  continuous  metallic  contact.  If  a  material  with  comparatively  poor 
conductivity  is  used,  the  depth  of  material  through  vriiich  signals  must 
pass  should  provide  a  shielding  efficiency  similar  to  that  of  the  case 
material  itself.  Figure  2-36  illustrates  a  well-designed  seam,  using 
solder  along  the  edges,  with  a  conductivity  1/10  that  of  copper.  Complex 
seams  are  openings  that  Incorporate  metallic  folds  or  flanges  as  part  of 
the  design  (fig.  2-37).  In  general,  these  types  of  seams  provide  better 
shielding  efficiency  than  simpler  types,  but  the  efficiency  obtained 
varies  with  each  design. 
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TABLE  2-21.  DC  CONTACT  RESISTANCE  FOR  ALUMINUM  TEST  SPECIMENS 
BEFORE  AND  AFTER  SALT  SPRAY  EXPOSURE 


Before 

Salt  Spray  I 

After 

Salt  Spray 

Finish 

Number  of 
readings 

Average 

resistance 

(microhms) 

Number 

readings 

Average 
res i stance 
(microhms) 

Clean  aluminum 

75 

96 

60 

6085  x  1C3 

1 ridi te 

2-minute  dip 

75 

20’ 8 

60 

1366  x  103 

1 r idi te 

3-minute  dip 

75 

2675 

60 

10,577 

Si  1 ver  plated 

75 

All  specimens 
less  than  4 
microhms 

TmBLE  2-22.  DC  CJNTACT  RESISTANCE  FOK  ALUMINUM  TEST  SPECIMENS 
UNDER  DIFFERENT  PRESSURES 


mmasmam 

— — — unni 

:al  Resistance 

mmaSmixEmmm 

100-PSI  Pressure 

Cleaned  aluminum 

1500  microhms 

500  microhms 

Aluminum  plus  iridite  No.  14 

8000  microhms 

1900  microhms 

Aluminum  plus  anodizing 

Ovar  88  ohms 

Over  88  ohms 
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g  .42 

®  .36 

'6  .30 

5 
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£  .18 

o: 

.12 
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0 

1  2  4  6  8  10  20  30 

FREQUENCY,  MC 

Figure  2-34.  Values  of  Equivalent  Series  RF  Resistance  of  Uncoated 

Aluminum  Sections  Before  and  After  64-Hour  Salt  Spray  Test 


FREQUENCY,  MC  uu£i£-i£S 


Figure  2-35.  Values  of  Equivalent  Series  RF  Resistance  of  Chromate-Treated 
A' jminum  Sections  Before  and  Afcer  64-Hour  Salt  Spray  Test 
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NOTKl  INDICATCS  THK  WCLD  MAO  SHIN  AN 
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Figure  2-36.  Seam  Dasign  for  Minimum  Interference 
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FOLDED  SEAM  OUTSIDE 
OF  PASSAGEWAY 


SPOT  WELD,  SCREWS  OR 
OTHER  FASTENERS  TO 
OBTAIN  CONTINUOUS 
CONTACT  ALONG 
ELECTRICALLY  CLEANED 
METALLIC  MATING  SURFACES 


WELD  BEAD  OR  SOLDER 
CONTINUOUSLY  FUSED  TO 
METAL  ALONG  ALL  EDGES 
TO  REDUCE  THE  LEAKAGE 
OF  INTERFERENCE 


Fi gure  2-37* 


Vertical  Expansion  Joint,  an  Example  of  a  Comp » ex  Seam 
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2-20.  Apertures 

a.  General .  The  final  determination  of  whether  an  equipment  enclosure 
is  satisfactory  can  be  established  by  a  radiated  interference  test.  Such 
a  test,  when  performed  in  accordance  with  military  interference  test  spec¬ 
ifications,  requires  specified  antennas  to  receive  radiated  interference. 

The  level  of  received  radiation  is  a  function  of  the  radiation  effective¬ 
ness  of  the  source  acting  through  the  equipment  enclosure.  A  single  open¬ 
ing  in  the  equipment  enclosure  will  enable  it  to  act  as  a  relatively  poor 
radiator;  more  than  one  opening  will  enable  it  to  radiate  more  efficiently. 

A  special  case  may  exist  where  the  energy  passing  through  a  single  opening 
irradiates  the  surface  of  an  adjacent  cable  hield  and  radiates  outside  of 
the  enclosure  at  high  efficiency.  When  holes  in  the  bottom  of  an  enclosure 
are  for  drainage  of  condensed  moisture  only,  a  few  holes,  no  more  than 
0.25~inch  in  diameter,  are  usually  sufficient.  Leakage  of  electromagnetic 
energy  through  these  holes  is  a  small  percentage  of  the  total  generated 
power  and  is  negligible  except  in  the  case  of  high-pow^r  generators,  such 
as  radar  modulators.  Discretion  should  be  exercised  in  determining  the 
maximum  dimensions  of  an  aperture  for  a  specified  frequency  range  because 
interference  leakage  increases  with  frequency. 

o.  Shielding  Effectiveness  For  Perforated  Metal  Shield?-. 

(1)  Shielding  Effectiveness  Formulas 

The  shielding  effectiveness  of  metal  shields  has  been  treated 
from  the  viewpoint  of  classical  transmission  line  tneory  in 
equation  2-1.  To  obtain  a  more  rigorous  expression  for  shield¬ 
ing  effectiveness  it  is  necessary  to  account  for  the  following: 

1)  The  attenuation  effects  of  the  individual  shield  aper¬ 
tures  acting  as  many  stacked  waveguides  beyond  cutoff. 

For  this  reason,  equations  2-24  and  2-25  below  are  used 
in  place  of  equation  2-9 

2)  Reflection  losses  considering  the  geometry  of  the  openings 


2-92 


3)  Area  of  the  openings  vrfien  the  test  entenne  is  far  from 
the  shield  In  comparison  to  the  distance  between  holes 
in  the  shield 

4)  Skin  depth  effects 

5)  Coupling  between  closely  spaced  openings 

The  shielding  effectiveness,  in  decibels,  is  expressed  as  fol 


SE  -  A#  +  +  Ba  +  Kj  +  K2  +  *3 


(2-23) 


where: 


aperture  attenuation 

27.3  y  for  rectangular  apertures 

32  ■g  for  circular  apertures 

depth  of  apertures  in  inches 
width  of  rectangular  apertures  in  inches 
diameter  of  circular  aperturas  in  inches 
aperture  reflection  losses 


20  log, 


(2-24) 

(2-25) 


(2-26) 


■  ratio  of  aperture  characteristic  impedance 
w 

to  impedance  of  the  incident  wave 


■  W/3«l42r  for  rectangular  apertures  and  magnetic 

fields 

-  d/3- 682 r  for  c  cular  apertures  and  magnetic 

fields 


(2-27) 


(2-28) 
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f 

r 

B 


— 14 

J  fW  1.7  x  10  for  rectangular  apertures  and 
radiated  fields 

-U 

jfd  1.47  x  10  for  circular  apertures  and  radi¬ 
ated  fie) ds 


(2-29) 


(2-30) 


frequency  in  megacycles  per  second 


distance  from  signal  source  to  shield  in  inches 


correction  factor  for  aperture  reflections.  Ba 
becomes  insignificant  when  A#  is  more  than  10  db. 


20  ,o9,0 


(k  -  l)2 
(k  +  l)2 


(2-30 


correction  factor  for  the  number  of  openings  per  unit 
square  when  the  test  antennas  are  far  from  the  shield 
in  comparison  to  the  distance  between  holes  in  the 
shield 


■  '0  l°910  ±  (2-32) 

a  •  araa  of  aach  hole  in  square  inches 
n  •  number  of  holes  per  square  Inch 

■  correction  factor  for  penetration  of  the  conductor  at 
low  frequencies 


P 


'<>910 


(2-33) 


ratio  of  the  wire  diameter  to  skin  depth  for  screening 


ratio  of  the  conductor  width  to  skin  depth  between 
holes  for  perforated  sheets.  (Copper  skin  depth  ■ 


Inches) 
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K 


3 


correction  factor  for  coupling  between  closely 
spaced  shallow  holes 


20  log,0 


tanh 


(2-34) 


(2) 


Shielding  Effectiveness  Formula  Derivations 

(a)  Attenuation  calculations  (A^) .  In  equation  2-23 »  A#  rep¬ 
resents  the  attenuation  as  the  wave  passes  through  the 
aperture  which,  for  frequencies  below  cutoff  in  rectangu¬ 
lar  guides,  is,  given  as: 

rj  db  (2-35) 


where  f  and  f  are  the  frequency  under  consideration  and 
c 

the  cutoff  frequency,  respectively.  1 1  wi 1 1  be  observed 
that  W  is  always  that  hole  dimension  perpendicular  to  the 
E  field.  Equation  2-35 •  evaluated  for  frequencies  well 
below  cutoff,  provides  equation  2-24;  and  a  similar  pro¬ 
cedure  for  circular  guides  provides  equation  2-25. 


(b)  Reflection  calculations  (R  ).  In  equation  2-26,  the  re- 

flection  losses  are  calculated  as  a  function  of  the  ratio 
of  the  waveguide  characteristic  impedance  below  cutoff  to 
the  incident  wave  Impedance.  The  characteristic  impedance 
of  a  rectangular  waveguide  well  below  cutoff  is: 

2.  -  (2-36) 

The  impedance  of  the  wave,  emitted  by  a  small  loop  source 
at  points  close  to  the  source,  compared  to  a  wavelength, 

is: 

Zw  -  Jour  (2-37) 
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Taking  the  ratio  of  equatior  2-36  to  equation  2-37*  wa 
have: 

k  -  f 

*r 

which  is  the  equation  for  k  given  by  equation  2-27  for 
magnetic  fields.  Both  equations  2-36  and  2-37  are  in 
MKS  units,  but,  in  taking  the  ratio,  W  and  r  may  be  ex¬ 
pressed  in  either  inches  or  meters.  Similar  procedures 
provide  equations  2-28,  -29  and  -30. 


(c)  Corrections  to  reflection  calculations  (B  ).  This  fac¬ 


tor  is  given  for  metal  shields  as: 

2 


B  -  20  log]0 


I  - 


e-2« 

(k  +  l)2 


(2-38) 


where  o  and  t  are,  respectively,  the  complex  propagation 
constant  and  the  thickness  of  the  shield  in  MKS  units. 

In  a  waveguide  below  cutoff,  the  phase  constant  approaches 
zero  and  the  propagation  constant  becomes  equal  to  the  at- 
tenuation  constant,  so  that  e  becomes  equal  to  the  re¬ 

duction  in  signal  intensity  in  nepers  for  twice  the  depth 

*  2  o  t 

of  the  waveguide.  The  expression  e  ,  therefore,  may  be 

.  _ 

expressed  in  decibels  and  is  equal  to  10  vrfilch  converts 

aquation  2-38  to  equation  2-31* 


(d)  Corrections  for  the  number  of  openings  that  must  be  consid- 
erad  (Kj).  It  Is  obvious  that  when  electromagnetic  signals 
pass  through  a  metal  shield  by  penetration  of  openings,  the 
amount  of  power  transferred  from  one  side  of  the  shield  to 
the  other  Is  a  function  of  the  number  of  openings.  Not  so 
obvious  is  the  fact  that  if  insertion  loss  tests  are  per¬ 
formed  on  the  shield,  the  results  will  be  a  function  of  the 
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distance  between  the  antenna  and  the  surface  of  the 
shield,  assuming  the  shield  to  be  centrally  located  be¬ 
tween  the  an’ennas.  If  small  antennas  of  approximately 
the  same  size  as  the  openings,  or  smaller,  are  used  for 
the  test  and  are  located  or  each  side  and  adjacent  to 
one  of  the  openings,  the  measured  shielding  efficiency 
will  be  that  of  the  opening  itself.  On  the  other  hand, 
if  the  antennas  are  located  at  a  considerable  distance 
from  the  shield  in  comparison  to  the  distance  between 
holes  in  the  shield,  the  measured  shielding  effective¬ 
ness  will  be  equal  to  that  of  a  single  opening  plus  the 
ratio  (in  decibels)  of  the  total  wall  area  illuminated 
by  the  radiator  to  the  total  opening  area  located  in  the 
illuminated  region.  If  the  openings  are  evenly  distrib¬ 
uted,  this  ratio  is  a  constant,  since  any  change  in  the 
wall  area  illuminated  will  cause  a  similar  change  in  hole 
area.  Therefore,  the  minimum  shielding  effectiveness  be¬ 
comes  that  of  the  single  opening  plus  the  correction  fac¬ 
tor  of  equation  2-32.  At  Intermediate  points,  the  shield¬ 
ing  effectiveness  lies  between  the  two  values.  Both 
values  are  of  practical  Importance.  The  shielding  effec¬ 
tiveness  near  the  shield  is  important  for  protection  of 
sensitive  equipments  which  may  be  placed  close  to  the 
walls  (date  cables,  etc.).  It  is  especially  important 
in  cases  where  radletion  hazards  may  exist,  so  that  per¬ 
sonnel  are  protected  who  otherwise  may  unknowingly  enter 
e  strong  field  existing  In  the  vicinity  of  a  poorly  de¬ 
signed  seam.  Calculations  of  shielding  effectiveness  in 
interior  parts  of  a  structure  are  important  since,  if  ad¬ 
vantage  is  taken  of  added  shielding  effectiveness,  a  con¬ 
siderable  reduction  in  cost  of  shield  construction  can  be 
achieved. 
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(•)  Low  frequency  corrections  for  screen-type  shields  ( K^) • 


Numerous  tests  heve  shown  that  the  high-frequency  shield¬ 
ing  effectiveness  of  screening  materials  can  be  satisfac¬ 
torily  approximated  by  assuming  that  the  openings  in  the 
screen  are  equivalent  in  size  to  the  openings  in  a  flat 
perforated  metal  sheet,  and  that  the  depth  of  the  open¬ 
ings  is  equal  to  the  wire  diameter.  At  low  frequencies, 
when  the  skin  depth  becomes  comparable  to  the  radius  of 
the  wire,  a  considerable  loss  in  shielding  effectiveness 
occurs.  This  may  be  considered  from  the  viewpoint  that 
the  aper tires,  as  waveguides,  are  made  wider  and  shorter 
by  a  skin  depth.  However,  this  approach  runs  into  dif¬ 
ficulty  when  the  skin  depth  becomes  equal  to  or  greater 
than  the  wire  radius  since  this  is  the  borderline  region 
vrfiere  leakage  through  the  metal  itself  must  also  be  con¬ 
sidered.  To  maintain  reasonable  simplicity  for  calcula¬ 
tion  purposes,  test  results  for  a  variety  of  copper 
screen  shields  were  plotted  as  a  function  of  skin  depth, 
and  an  empirical  equation  (2-33)  was  derived  for  the  cor¬ 
rection  factor.  This  correction  factor  may  also  be  sat¬ 
isfactory  for  perforated  sheet  metal,  but  no  corrobora¬ 
tive  tests  have  been  made. 

(f)  Corrections  for  closely  apacad  shallow  openings  (K^). 

When  apertures  In  a  shield  are  closely  spaced,  and  the 
depth  of  the  openings  is  small  compared  to  the  width, 
the  shielding  effectiveness  has  been  found  to  be  greater 
than  otherwise  would  be  expected.  This  is  Interpreted 
as  being  a  result  of  coupling  between  adjacent  holes, 
which  becomes  important  when  the  attenuation  through  the 
openings  is  small.  Considering  two  such  adjacent  holes 
subjected  to  an  el  ectromagnc*.  i  c  field,  aligned  as  shown 
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In  figure  2-38,  it  appears  that  current  induced  on  the 
conductor  between  the  holes  can  flow  Into  one  side  of  a 
hole  and  return  immediately  via  the  adjacent  hole  --  in 
effect,  merely  encircling  the  conductor.  Since  the  cur¬ 
rent  is  the  same  in  closely  spaced  holes,  this  <s  equiv¬ 
alent  to  placing  practically  a  dead  short  circuit  at  the 
end  of  each  hole  considered  as  a  waveguide.  The  imoed- 
ance  of  the  short  may  be  approximated  for  rectangular 
holes  as  the  surface  impedance  presented  by  the  surface 
of  the  conductor  between  the  holes: 


Z 


L 


£ 

b 


(2-39) 


where:^'*^  is  the  intrinsic  impedance  of  the  metal  (MK* 
units) 

o>  •  2*f 

p  •  permeability  of  the  metal  •  *  >  x  10  ^ 

henries/meter  for  copper 

o  ■  conductivity  of  the  metal  •  5.8  x  10^  mhos/ 
meter  for  copper 

a  ■  width  of  conductor  between  holes  (fig.  2-38) 
b  •  length  of  rectangular  hole  (fig.  2-38) 


The  characteristic  aperture  Impedance  given  by  equation 
2-36  Is  et  ell  frequencies  being  considered.  The 

ratio  of  to  is  therefore: 


it 

2. 


n 

JcqiW 


(2-k0) 


At  frequencies  as  low  as  10  kc,  the  expression  under  the 
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H 

J  INSTANTANEOUS  DIRECTIONS 
OF  INCIDENT  FIELDS 


CURRENT  FLOW  ON  CONDUCTORS  SECTION  OF  *€TAL  CONDUCTOR 

BETWEEN  HOLES  BETWEEN  HOLES 


IH1212-304 


Figure  2*36.  Current*  Induced  On  Perforeted  Hetel  Sheet 

red! cel  Is  smeller  then  10*^,  showing  thet  for  ell  reesoneble 
opening  dimensions  end  eny  frequency  of  interest,  Is  much 
smeller  then  Z#. 

In  eccordence  with  trensmlsslon  line  theory,  the  Input  Impe- 
dence  of  the  guide,  2|,  me-  be  celculeted  by: 

_  ZL  ...ha  4  .Into  (2-41) 

1 1  La  Z^cosha  +  *L  slnha 

vdte'e  a  Is  the  wevegulde  ettenuetlon  In  nepers 
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Since,  for  Che  express  condition  being  investigated,  a  is 
small,  and  since  2^  «  Z#,  eg  at  ion  2-4l  simplifies  to: 


Z. 

i 


Z 

a 


sinha 

cosha 


Z  tanha 

a 


(2-42) 


The  ratio  of  the  intensities  of  the  reflected  wave  to  the 
transmitted  wave,  when  the  attenuation  is  large,  is  equal 
to: 


<L1 


W 


(2-43) 


When  the  atter  ation  is  small,  the  ratio  becomes: 

(Zw  +J±)2 

^Zi 


(2-44) 


For  all  practical  purposes,  the  wave  impedance  Z^  is  a' 
ways  much  larger  than  either  Z^  or  Z.,  and  the  ratio  of 
equations  2-*+4  to  <.-43  reduces  to: 


s  m  I 
Zj  *  tanha 


(2-45) 


Equation  2-45,  in  dt.ibels,  provides  the  correction  factor 
for  closely  spaced  she1  >w  holes  as  given  by  equation  2-34. 
It  will  be  observed  that,  si  ice  Z^  is  always  larger  than 
Z|  for  A#  equal  to  10  db  or  lass,  the  correction  factor  Is 
always  positive  and  increases  the  shielding  effectiveness. 


Screenlno. 

(I)  An  equipment  enclosure  that  requires  inlet  and/or  outlet  aper¬ 
tures  for  ventilation  or  pressurization  should  be  designed  with 
a  screen  or  a  series  of  honeycomb  tube  ducts  (designed  to  act 
as  waveguide  below  cutoff  devices)  placed  over  the  ventilation 
apertures.  Although  louvered  openings  are  generally  used  for 
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cooling  air  circulation,  they  are  extremely  poor  for  rf  integrity 
because  of  their  long,  narrow  gaps.  In  descending  order  of  atten¬ 
uation  properties,  the  following  materials  should  be  used:  honey¬ 
comb-type  ventilation  panels,  perforated  «.etal  sheet,  woven  metal 
mesh,  and  knitted  metal  mesh.  The  honeycomb  material  also  has  the 
advantage  of  low  air  resistance  (figs.  2-3y  and  2-40) .  The  honey¬ 
comb  ventilation  material  is  shown  on  figure  2-41. 


0  <00  2<D  300  400  900  600 

CUBIC  FEET  FEB  MINUTE  *1  B  VOLUME  I. 

Figure  2-39.  Air  Impedance  of  Perforated  Metal  and  Honeycomb 


0  200  400  600  800  1000 

CUBIC  FEET  FER  MINUTE  AIR  VOLUME  If,-  -  / 

Figure  2-40.  Air  Impedance  of  Copper  and  Nickel  Mesh 
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Figure  2-41 .  Honeycomb  Type  Vent  Net  ion  Panel 


(2)  The  use  of  a  single  or  double  layer  of  copper  or  brass  screen, 
of  No.  16  or  22  gauge  wire,  having  openings  no  greater  than 

■  /1 6  by  1/16  inch  is  recommended.  A  mesh  less  than  18  by  18 
(wires  to  the  inch)  should  not  be  used.  The  mesh  wire  diame¬ 
ter  should  be  a  minimum  of  0.025  inch  (No.  22  AWG).  If  more 
than  a  nominal  50  db  of  attenuation  is  required,  the  screening 
should  have  holes  no  larger  then  those  in  a  22  by  22  mesh  made 
of  15  mil  copper  wires. 

(3)  The  attenuation  of  an  electromagnetic  wave  by  a  mesh  is  con¬ 
siderably  less  than  that  afforded  by  a  solid  metal  screen.  The 
principal  shielding  action  of  a  mesh  is  due  to  reflection. 

Tests  have  shown  that  mesh  with  50  per  cent  open  area  and  60  or 
more  strands  per  wave  length  Introduces  a  reflection  loss  very 
nearly  equal  to  that  of  a  solid  sheet  of  the  same  materia). 
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The  mesh  construction  should  have  Indivi  j*I  scrends  perma¬ 
nently  _oined  at  points  of  Intersection  by  a  fusing  process 
so  that  permanent  electrical  contact  is  made  and  oxidation 
does  not  reduce  shielding  effectiveness.  A  screen  of  this 
construction  will  be  very  effective  for  shielding  against 
electric  (high- impedance)  fields  at  low  frequencies  because 
the  looses  will  be  primarily  caused  by  reflection.  Instal¬ 
lation  can  be  made  by  connecting  a  screen  around  the  periph¬ 
ery  of  an  opening  (figs.  2-42  and  2-43).  The  results  of 
shielding  effectiveness  measurements  for  screening  are 
shown  on  figures  2-44  through  2-4$.  Table  2-23  lists  mesh, 
wire,  and  aperture  sizes  for  various  screening  materials. 

(4)  The  screening  materials  given  on  table  2-24  and  on  figures 
2-50  and  2-51  exhibit  low-shielding  effectiveness  —  proba¬ 
bly  because  of  crossover  discontinuities  in  mesh.  A  compar¬ 
ison  between  No.  16  aluminum  mesh  and  No.  12  copper  mesh 
(fig.  2-50)  reveals  a  5  db  differential,  which  is  comparable 
to  the  60  mils  perforated  steel  shown  on  figure  2-51.  All 
are  in  the  50~db  range,  with  the  perforated  material  having 

a  greater  percentage  of  open  area  *nd,  therefore,  less  resis¬ 
tance  to  air  flow.  Because  mesh,  for  effective  shielding, 
rarely  has  more  than  an  open  area  of  50  percent,  the  size  of 
apertures  must  be  correspondingly  increased  for  effective 
ventilation.  Hash  should  be  easily  removable;  it  should  be 
attached  with  screws  or  bolts.  These  should  be  in  sufficient 
number  to  ensure  high-pressure  contact  along  a  continuous 
line  completely  around  the  edge.  Contact  surfaces  should  be 
thoroughly  cleaned  each  time  the  mesh  is  removed. 

(5)  In  the  40-db  range,  the  30-mil,  l/4-inch  spacing  galvanized 
steel  mesh  and  the  0.037‘inch  aluminum  perforated  sheet  (fig. 
2-51)  are  comparable  to  No.  10,  18  mils  monel  mesh  (fig.  2-50). 
The  galvanized  mesh  has  the  largest  percentage  of  open  area. 


2-104 


1/2"  PREFERABLE 
1/4*  ACCEPTABLE 


IK 1212-135 


Figure  2-42.  Typical  Welded  Screen  Installation  Over  a  Ventilation  Aperture 


CIRCULAR  CLAMP 


POSITIONING  PINS 
F  REQUIRED 


POSITIONING  PINS 
IF  REQUIRED 


SUFFICIENT  SCREWS  OR  OTHER  FASTENERS 
TO  OBTAIN  CONTINUOUS  CONTACT  ALONG 
ELECTRICALLY  CLEANED  METALLIC  MATING 
SURFACES 


IK1212-13S 


Figure  2-43.  Typical  Clamped  Screen  Installation  Over  a  Ventilation  Aperture 
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Figure  2-M*.  Shielding  Effectiveness  of  Virious  Copper  Screens 
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Figure  2-k5.  Shielding  Effectiveness  of  Various  Galvanized  Steel  Screens 
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TABLE  2-23.  MESH,  WIRE  ANT  APERTURE  SIZES  FOR  TYPICAL 
SCREENING  MATERIALS 


Mesh 

Wire  Diameter 
(inches) 

Size  of  Open  11*9 
(inches) 

8x8 

0.028 

0.097 

8x8 

0.032 

0.093 

8x8 

0.035 

0.090 

8x8 

0.047 

0.078 

8x8 

0.063 

0.062 

10  x  1C 

0.025 

0.075 

10  x  10 

0.032 

0.068 

10  x  10 

0.035 

0.065 

10  x  10 

0.041 

0.059 

12  x  12 

0.018 

0.065 

12  x  12 

0.023 

0.060 

12  x  12 

0.028 

0.055 

12  x  12 

0.035 

0.048 

12  x  12 

0.041 

0.042 

14  x  14 

0.017 

0.054 

14  x  14 

0.020 

0.051 

14  x  14 

0.025 

0.046 

14  x  14 

0.032 

0.039 

16  x  16 

0.016 

0.0465 

16  x  16 

0.018 

0.0445 

16  x  16 

0.028 

0.0345 

18  x  18 

0.017 

0.0386 

18  x  18 

0.020 

0.0356 

18  x  18 

0.025 

0.0306 

O 

CM 

K 

O 

CM 

0.014 

0.0360 

20  x  20 

0.016 

0.0340 

20  x  20 

0.020 

0.0300 

22  x  22 

0.015 

0.0305 
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TABLE  2-24.  MESH,  WIRE  AND  APERTURE  SIZES  FOR  SCREENING  MATERIALS  TESTED 


Metal 

Mesh  Size 

Monel 

No.  10 

18 

Copper 

No.  12 

20 

Aluminum 

No.  16 

20 

Galvanized  steel 

1/4- inch  x  1/4- inch 

30 

Galvanized  steel 

1/2-  inch  x  1/2- inch 

30 

Perforated  steel3 

1/8- inch  diameter  holes 

on  3/16- inch  centers 

Perforated  aluminum3 

1/4- inch  diameter  holes 

on  5/ 16- inch  centers 

Perforated  aluminum*5 

7/ 16- inch  diameter  holes 

on  5/8- inch  centers 

Q 

Aluminum  honeycomb 

1/4- inch  segregated  cells 

a60  mils  thick 
*^3 7  mils  thick 
C1  ir.ch  thick 


2 


13 
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MCQUCMCr,  VC  mtlt-148 

Figure  2-50.  Attenuation  Versus  Frequency  Curves  For  Various  Screens 
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(6)  Figure  2-50  shows  test  results  of  materiel s.  The  40-count 
copper-t  ' eke I  36  percent  open  sample  has  a  range  greater  than 
90  db.  Such  el ectroformed  mesh  materials  are  excellent  as  rf 
screening  agents  for  panel  meters,  pilot  lamps,  counters,  and 
other  similar  aperture  discontinuities,  or  as  simple  inner- 
unit  shields  where  small  volumes  of  air  transmission  are  nec¬ 
essary.  The  physical  characteristics  of  typical  perforated 
sheet  stock  are  summarized  in  table  2-25. 

(7)  Figures  2-52  and  2-53  illustrate  the  measured  magnetic  field 
shielding  effectiveness  of  screens  of  the  various  designs  and 
metallic  compositions  listed  in  table  2-26  for  the  range  of 
0.15  to  1000  me. 

Wavequi de-Bel ow-Cutoff  Devices. 

(1)  Electromagnet  lea  I ly,  a  small  aperture  is  one  vrfiich  is  smaller 
in  its  largest  dimension  than  a  signal  wavelength.  An  aper¬ 
ture  approaching  or  exceeding  a  wavelength  in  size  must  be 
covered  by  a  fine  mesh  copper  screen.  Alternatively,  a 
series  of  small  unscreened  apertures  may  be  used  instead  of 

a  single  large  hole;  or  waveguide  attenuators  may  be  used  to 
shield  large  apertures.  Waveguide  attenuators  can  be  designed 
to  provide  over  139  decibels  of  attenuation.  The  waveguide 
attenuator  is  also  of  considerable  value  when  control  shafts 
must  pass  through  an  enclosure.  When  an  insulated  control 
shaft  passes  through  a  waveguide  attenuator,  the  control  func¬ 
tion  can  be  accomplished  with  almost  no  interference  leakage. 

(2)  In  many  cases,  shielding  screens  introduce  excessive  air  re¬ 
sistance,  and  sometimes  greater  shielding  effectiveness  may 
be  needed  than  they  can  provide.  In  such  cases,  openings  may 
be  covered  with  specially  designed  ventilation  panels  (such 
as  honeycomb)  with  openings  that  operate  on  the  waveguide-be- 
low-cutoff  principle.  A  sample  panel  is  shown  on  figure  2-41. 
Honeycomb- type  ventilation  panels  in  place  of  screening: 
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TABLE  2-25.  CHARACTERISTICS  OF  TYPICAL  PERFORATED  SHEET  STOCK 


Hole 

Size 

(inches) 

Hole 

Centers 

(inches) 

Holes 

(square  Inch) 

Open 

AFea 

00 

0.014 

0.034 

890 

13 

0.014 

0.042 

665 

10 

0.018 

0.045 

504 

13 

0.018 

0.055 

380 

10 

0.020 

0.034 

890 

27 

0.020 

0.040 

650 

20 

0.020 

0.042 

665 

20 

0.020 

0.045 

504 

15 

0.020 

0.049 

500 

15 

0.020 

0.055 

380 

12 

0.020 

0.085 

144 

4 

0.020 

0.089 

148 

4 

0.023 

0.040 

650 

26 

0.023 

0.049 

500 

20 

0.024 

0.037 

710 

32 

0.024 

0.040 

650 

28 

0.024 

0.045 

504 

22 

0.024 

0.046 

542 

24 

0.024 

0.049 

500 

21 

0.024 

0.055 

380 

17 

0.024 

0.059 

331 

14 

0.024 

0.063 

292 

13 

0.024 

0.079 

160 

8 

0.024 

0.079 

186 

9 

0.024 

0.085 

144 

6 

0.024 

0.088 

148 

7 

0.024 

0.110 

82 

4 

0.024 

0.110 

94 

4 

0.025 

0.045 

504 

28 

0.025 

0.055 

380 

20 
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TABLE  2-25.  CHARACTERISTICS  OF  TYPICAL  PERFORATED  SHEET  STOCK  (ccnt'd) 


Hole 

Size 

'riches) 

Hole 

Centers 

(inches) 

Holes 

(square  inch) 

Open 

Aree 

0.025 

0.059 

331 

17. 

0.025 

0.085 

144 

7 

0.025 

0.088 

148 

8 

0.028 

0.048 

420 

26 

0.028 

0.059 

331 

20 

0.028 

0.102 

94 

6 

0.028 

0.102 

no 

7 

0.030 

0.059 

331 

23 

0.030 

0.102 

94 

7 

0.030 

0.102 

no 

8 

0.032 

0.071 

465 

35 

0.032 

0.059 

331 

26 

0.032 

0.102 

no 

9 

0.033 

0.059 

331 

27 

0.034 

0.059 

331 

29 

O.035 

0.059 

331 

3! 

0.036 

0.055 

330 

37 

0.036 

0.055 

380 

37 

0.036 

0.059 

331 

33 

0.036 

0.069 

245 

24 

0.036 

0.099 

119 

12 

0.036 

0.119 

70 

7 

0.036 

0.119 

82 

8 

0.037 

0.079 

186 

22 

0.039 

0.069 

245 

30 

0.039 

0.074 

213 

26 

0.039 

0.079 

186 

23 

0.039 

0.099 

M9 

15 

0.039 

0.108 

98 

12 
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TABLE  2-25.  CHARACTERISTICS  OF  TYPICAL  PERFORATED  SHEET  STOCK  (cont'd) 


Hole 

Size 

(inches) 

Hole 

Centers 

(inches) 

Holes 

(square  inch) 

Open 

Area 

(%> 

0.039 

0.130 

59 

7 

0.039 

0.130 

68 

8 

0.039 

0.237 

20 

3 

0.041 

0.079 

186 

25 

0.043 

0.079 

186 

28 

0.043 

0.091 

140 

21 

0.045 

0.079 

186 

30 

0.045 

0.091 

136 

22 

0.048 

0.079 

186 

33 

0.048 

0.091 

340 

25 

0.048 

0.079 

186 

36 

0.050 

0.102 

110 

21 

0.050 

0.119 

82 

16 

0.050 

0.138 

60 

12 

C.050 

0-177 

36 

7 

0.050 

0.201 

28 

6 

0.052 

0.079 

186 

38 

0.052 

0.091 

140 

23 

0.052 

0.102 

NO 

23 

0.052 

0.119 

82 

17 

0.052 

0.138 

60 

13 

0.052 

0.157 

46 

10 

0.053 

0.091 

140 

30 

0.053 

C.1I0 

94 

21 

0.055 

0.091 

140 

34 

0.055 

0.110 

94 

23 

0.055 

t.126 

64 

15 

0.055 

0.157 

46 

1  1 

C.055 

0.189 

32 

8 
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TABLE  2-25-  CHARACTERISTICS  OF  TtPICAL  PERFORATED  SHEET  STOCK  (cont'd) 


Hole 

Size 

(inches) 

Hole 

Centers 

(inches) 

Holes 

(square  Inch) 

Open 

Area 

(%) 

0.057 

0.099 

119 

31 

0.059 

0.092 

136 

37 

0.059 

0.099 

119 

33 

0.059 

0.102 

110 

30 

0.059 

0.119 

82 

23 

0.059 

0.157 

46 

13 

0.059 

O 

O 

35 

10 

0.059 

0. 170 

40 

11 

0.059 

0.205 

27 

* 

0.061 

0.102 

111 

30 

0.063 

0.102 

110 

34 

0.063 

0.119 

82 

26 

0.063 

0.126 

72 

23 

0.063 

0.177 

36 

11 

0.063 

0.205 

26 

9 

0.063 

0.217 

24 

8 
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FltEa’^CY,  MC/SIC  TH1ZX2 

Figure  2-52.  Minimum  Shielding  Effectiveness  of  Copper  and  Bronze  Screening 
In  a  Magnetic  Field 


•0  *  M1N9A 1 13144,*  AN 1 013 1 Ht 


2-122 


TA3LE  2-26.  COPPER,  BRONZE  AND  STEEL  SCREENING  USED  IN  MAGNETIC  FIELD 
SHIELDING  EFFECTIVENESS  TEST  MEASUREMENTS 


Metal 

Mesh 

(wi res/inch) 

Wire  Diameter 
(mi  1 ») 

Copper 

2 

41 

2 

63 

16 

18 

1 

22 

15 

40 

10 

60 

7 

Tinned  Bronze 

!8 

12 

Galvanized  Steel 

2 

4 

8 

17 

18  x  14 

II 

26 

II 

Stainless  Steal 

16 

18 

24 

18 
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1)  *1  low  higher  attenuation  than  can  be  obtained  with  mesh 
screening  over  a  pacified  'requency  ranqe 

2)  cllow  more  air  to  flow  without  pressure  drop  for  the 
same  diameter  opening 

3)  cannot  be  damaged  easily  as  can  tr.i  fnesh  screen,  and  a-e 
therefore  more  reliable 

4)  less  subject  to  deterioration  by  oxidation  and  exposure 

Ail  norisolid  shielding  materials,  such  as  perforated  metal, 
fine  mesh  copper  screening,  and  metal  honeycomb,  present  an 
impedance  to  air  flow.  Metal  honeycomb  is  the  best  of  these 
materials  because  it  enables  very  high  electric  field  attenu¬ 
ations  to  be  obtained  through  the  microwave  band  with  negligi¬ 
ble  drops  in  air  pressure.  Honeycomb,  however,  has  the  disad¬ 
vantages  of  occupying  far  greater  volume  and  costing  far  more 
than  screening  or  perforated  metal:  panels  of  honeycomb  vary 
in  thickness  from  „/4-inch  to  2-3/8-inch,  depending  upon  the 
attenuation  desired.  Also,  it  is  often  difficult  to  apply 
honeycomb  paneling  because  flush  mounting  is  required.  Thus, 
screening  and  perforated  sheet  stock  sometimes  find  applica¬ 
tion  for  purely  physical  design  reasons, a 1  though  honeycomb 
panels  can  achieve  attenuations  to  138  ub,  above  10  me. 

(3)  Screened  openings  must  usually  be  large  to  permit  sufficient 
air  to  flew.  When  frequencies  above  1000  me  are  to  >e  atten¬ 
uated  to  a  high  degree,  ventilation  openings  must  be  designed 
as  wavaguide  attenuators  operating  below  cutoff  at  their  low¬ 
est  propagating  frequency.  In  this  manner,  shielding  effec¬ 
tiveness  of  over  100  db  can  be  obtained  at  frequencies  of 
10,000  me:  a  l/4-lnch  diameter  tube,  I  inch  in  iength,  would 
have  102  db  of  shielding  effectiveness  at  10,000  me;  a  1/2- 
inch-diameter  tube,  2-1/4  inches  long,  100  db  of  shielding 
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effectiveness  at  10,000  me.  Openings  I  inch  or  more  in  diam¬ 
eter  would  have  little  or  no  attenuation  at  10,000  .no.  To 
obtain  an  opening  of  sufficient  size  to  admit  the  required 
volume  of  ventilating  air,  tubes  should  be  placed  side  by 
sid^  until  sufficient  air  flow  is  achieved. 


(4)  The  action  of  the  waveguide  operating  below  cut-off  frequency 
(when  it  is  used  at  a  wavelength  greater  than  its  cutoff  wave¬ 
length)  is  represented  on  figure  2-54  for  a  rectangular  wave¬ 
guide,  and  figure  2-55  for  a  circular  waveguide,  both  for  a  — 
ratio  of  I.  When  the  ratio  is  not  I  in  a  particular  design 
problem,  the  value  in  decibels,  obtained  from  the  curve,  must 
be  multiplied  by  ~  to  arrive  at  the  correct  value  of  attenu¬ 
ation.  The  equation  for  a  rectangular  waveguide  attenuator  is: 


A 


27-3 


s/ 

w  W 


m 


dec i be  I s 


(2-46) 


where:  D  ■  depth  of  the  waveguide  in  inches 

W  ■  largest  inside  cross-sect  I ona I  dimension,  in  niches 
f  ■  frequency  in  megacycles 


For  a  rectangular  waveguide,  to  determine  the  depth  required  for 
100  db  attenuation  at  1000  me  when  the  largest  cross-sectional 
dimension  Is  0. 1 25  inches: 


-  210 


_db_ 
i  nch 


(2-4/) 
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Figure  2-5**.  Attenuation-Rectangular  Waveguide 
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gure 


To  obtain  100  db  attenuation: 


look  .  2I0  jjL 

0  i  nch 


D 


1  i  nch 
210  db 


100  db 


1 

2 


inch 
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The  equatior<  for  a  circular  waveguide  attenuator  is: 

A  -  31.95  £  J I  -  (^92o)  decibels  (2-49) 

where:  D  ■  depth  of  the  waveguide  in  *nches 

W  -  inside  diameter  of  waveguide  in  inches 
f  ■*  frequency  in  megacycles 


These  waveguides  function  as  high-pass  filters.  All  frequen¬ 
cies  below  the  cutoff  frequency  are  attenuated.  The  lowest 
cutoff  frequency  in  megacycles  for  rectangular  and  circular 
waveguides  are  respective!.': 


J2i0_ 


longest  dimension  of  rectangle 


and 


M. 


diameter  of  circular  opening 


(2-50) 
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where  f£  is  In  me,  and  the  dimensions  are  in  inches. 

The  maximum  oparatlng  frequency  should  be  1/10  of  the  cutoff 
frequency.  Although  the  attenuation  is  near  maximum  at  1/3 
of  cutoff  frequency,  the  1/10  value  is  advisable  to  provide 
a  safety  factor.  In  th-  waveguide,  the  attenuation-per-uni t 
length  for  an  operating  frequency,  f,  (In  me),  below  the  cut 
off  frequency  of  the  waveguide  is: 


a  -  db/lnch  of  sleeve  length 


0.00463 


I 


(2-52) 
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(5)  Figures  2-5^  and  2-55  indicate  the  frequency  range  over  which 
any  particular  opening  size  may  be  useful.  It  is  assumed 
that  the  conductivity  and  electrical  thickness  of  the  metal 
walls  between  openings  is  sufficient  at  frequencies  as  low  as 
1  me.  The  flat  character i st i c  of  the  curves  continues  to  the 
lowest  frequency  at  which  this  condition  is  met.  This  wave- 
gui de-bel ow-cutcff  approach  is  recommended  as  a  more  reliable 
method  of  shielding,  with  higher  attenuation  and  minimum  air 
pressure  drop.  One  manufacturer  has  reported  a  maximum  head 
loss  of  0.1  inch  of  water  at  1200  feet/minute  air  velocity. 
Control  shafts,  that  protrude  through  a  hole  in  a  shielded 
equipment  enclosure,  can  be  of  netal,  grounded  by  metallic 
fingers,  or  be  of  nylon,  teflon,  or  other  dielectrics  insert¬ 
ed  through  the  metallic  tube  or  shield  waveguide  (figs.  2-56 
and  2-57)-  The  waveguide  approach  may  be  considered  where 
holes  must  be  drilled  in  an  enclosure.  If  the  metal  thickness 
is  sufficient  to  provide  a  tunnel  with  adequate  length,  it 
will  effectively  serve  as  a  waveguide  attenuator.  For  exam¬ 
ple,  a  metal  wall  3/16-inch  thick  would  permit  a  1 /I 6- i nch  di¬ 
ameter  hole  to  be  used  without  excessive  leakage.  This  ap¬ 
proach  should  be  considered  where  it  is  necessary  to  confine 
extremely  intense  interference  sources. 

2-21 .  Fasteners 

a.  To  provide  adequate  contact  between  mating  metallic  surfaces,  it  is 
recommended  that  sufficient  fasteners  be  used  to  ensure  good  contact  and, 
at  the  same  time,  care  must  be  taken  to  avoid  buckling  between  the  sur¬ 
faces.  The  spacing  between  fasteners  must  be  much  closer  as  the  materials 
become  thinner  because  of  bending  under  pressure  (fig.  2-58).  The  spacing 
of  the  fasteners  should  also  preclude  the  possibility  of  radiation  when 
the  metal  surfaces  spread  apart  as  a  result  of  vibration  or  misalignment. 
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Figure  2-56.  Tube  Acting  as  Weveguide  Attenuator 
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Figure  2-57*  Shaft  Feedthrough  Techniques 
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Figure  2-58-  Buckling  Between  Fasteners  With  Thin  Material 

j>.  When  it  is  necessary  to  join  several  parts  of  a  complete  shield, 
the  first  consideration  should  be  to  minimize  the  number  of  joints.  When 
joints  are  made,  the  most  important  requirement  is  that  a  continuous 
metal -to-metal  contact  be  maintained  along  a  continuous  line.  When  the 
pressure  is  maintained  by  screws  or  bolts,  a  sufficient  number  must  be 
used  to  ensure  high  unit  pressure  even  at  the  points  farthest  away  from 
any  screw  or  bolt.  Lack  of  stiffness  of  mating  members  produces  distor¬ 
tion  of  mating  surfaces,  which  results  in  bulging  and  insufficient  pres¬ 
sure  for  preserving  good  electrical  contact.  The  design  of  these  jo'.its 
can  be  simplified  by  employing  conductive  gaskets  (electronic  weather 
stripping),  especially  whara  close  fabrication  tolerances  need  not  be  main¬ 
tained.  Such  gaskets  Include  metallic  textile  gaskets  and  knitted  wire 
mesh,  which  are  available  in  many  diffarent  materials  such  as  copper, 
monel,  silver-plated  brass,  and  beryllium  copper.  These  gaskets  can  be 
combined  with  or  imbedded  in  rubber  or  plastic  to  serve  as  water,  air  and 
oil  seals,  as  well  as  Impanatrabla  Interference  shields.  In  addition  to 
shielding  against  intarfaranca,  it  is  oftan  necessary  to  provide  an  air 
seal  at  equipment  seams.  A  mathod  of  achieving  this  is  shown  on  figure 
2-59.  Numerous  combinations  of  finger  and  mesh  gasket  designs  are  com¬ 
mercially  available  so  that  any  sealing  problem  can  be  successfully  re¬ 
solved  with  proper  design  of  mating  surfaces. 
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REMOVABLE  LID 


A.  NE9N  A  ASX  FT  APPLICATION. 
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Figure  2-59*  Seam  Treatment  With  Mesh  Gaskets 


2-132 


c.  Successful  interference  leekege  reduction  by  the  use  of  gasketing 
materiel  is  dependent  on  the  achievement  of  good  metallic  contact  along 
the  encire  length  of  the  seam.  Parameters  governing  the  quality  of  the 
final  design  are  shown  on  figure  2-60.  In  some  cases,  ths  general  re¬ 
quirement  for  fasteners  approximately  every  4  inches  along  the  seam  can 
be  reduced  provided  a  good  metallic  seal  exists  between  the  metal  sur¬ 
faces  and  the  conductive  gasket.  It  is  unwise  to  rely  solefy  on  screws, 
bolts,  nuts,  and  internal  or  external  toothed  lockwasners  for  electri¬ 
cal  bonding  because  they  are  subject  to  mechanical  vibration  and  chemi¬ 
cal  deterioration.  It  is  difficult  to  maintain  a  uniform  pressure  dis¬ 
tribution  over  a  large  surface  contact  area  unless  hold-down  screws  are 
very  closely  spaced  (fig.  2-60).  Even  when  the  screws  are  closely 
spaced,  there  is  always  a  higher  pressure  in  the  areas  immediately  under 
the  screws  and  a  tendency  of  the  cover  to  bow  in  the  spaces  between  the 
screws.  It  is  almost  impossible  to  make  a  joint  of  this  nature  air¬ 
tight  unless  the  covers  are  sufficiently  rigid  to  preclude  bowing  be¬ 
tween  screws  and  a  thin  film  of  oi I  is  placed  between  the  surfaces. 

Such  an  oil  film  will  fill  machine  marks  and  indentations,  or  scratches 
on  metal  surfaces, and  wl 1 i  make  a  good  pressure  seal;  it  will  also,  how¬ 
ever,  electrically  insulate  one  section  from  another  unless  a  special 
electrically  conductive  type  of  oil  is  used.  To  prevent  electrolytic 
action,  the  two  sections  should  be  of  the  same  metal,  otherwise  the  parts 
will  corrode. 

2-22.  Conductive  Gaskets 

a.  General .  In  the  past,  whan  a  pressure  seal  was  desired,  a  compres¬ 
sible  gasket  was  usad  batween  tha  two  surfaces.  The  compressible  gasket, 
being  of  neoprene  or  similar  material,  insulatad  thosa  portions  of  the 
joint  between  bolt  holes  from  each  other,  rendering  the  shielding  ineffec¬ 
tive.  There  are  two  types  of  compressible  gaskets:  the  flat  gasket  and 
the  groove  gasket.  The  groove  gasket  is  installed  as  shown  on  figure  2-62. 
Joints  with  insulating  groove  gaskets  are  much  better  than  ones  with  flat, 
insulating  gaskets  as  there  is  a  reasonable  possibility  of  metal  surfaces 
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makino  contact  between  soma  of  tha  bolt  hoi  as.  This  possibility  Is  cons  I d- 
arably  incraasad  If  the  volume  of  tha  groove  Is  greater  than  tha  volume  of 
tha  gasket,  and  the  gasket  molding  process  is  accurately  controlled  so  that 
it  will  have  unifc'm  cross-sectional  area,  preventing  the  gasket  from  bulg¬ 
ing  out  over  the  edges  of  the  groove  and  insulating  one  metal  surface  of 
tna  shielding  assembly  from  the  other.  Because  practically  all  electronic 
equipment  must  bet  designed  with  seams  or  openings  to  facilitcte  inspection, 
cooiing,  data  output,  metering,  tuning,  or  other  functions,  and  because 
these  seams  or  openings  usually  represent  the  weakest  points  in  the  over¬ 
all  shield  design,  it  is  imperative  that  they  be  shielded  to  p-event  entry 
or  exit  of  interfering,or  potentially  i nterfer ing, el ectromagnet i c  energy. 

If  shielding  is  not  accomplished,  other  interference  control  measures  may 
prove  unsuccessful.  In  sealing  such  items  as  seams  and  panel  joints  to  in¬ 
terference,  conductive  gaskets  are  almost  always  required  to  ensure  contin¬ 
uous  iow-impedance  contact  between  mating  metal  surfaces. 


NOTE:  Vice  PURPOSELY  CXA60CRATCD  TO  DEMONSTRATE  IMPERFECT  SEAL  CONDITIONS 

IN12 12-162 

Figure  2-60.  Improper  Gasket  Application 
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b.  Conductive  Gasket  Appl i cations.  In  an  attempt  to  improve  shielding 
characteristics  of  flange  type  joints,  such  as  the  one  presented  on  figure 
2-62,  a  flat  conducting  gasket,  consisting  of  an  aluminum  screen  impreg¬ 
nated  with  neoprene  was  developed.  It  was  found  that  the  mesh  was  so  fine 
that  the  neoprene  was  restricted  in  movement;  and  the  gasket  had  little  re¬ 
silience  and  was  a  poor  pressure  seal.  Later  adaptations  of  this  gasket 
were  made  of  16-mesh  aluminum  screen  impregnated  with  neoprene;  these  were 
satisfactory. 

(1)  For  satisfactory  assembly,  a  gasket  should  be  retained  in  a 
slot  or  groove.  Figure  2-63  illustrates  arrangements  for  use 
of  this  type  of  gasket  in  a  flange  and  cover-plate  joint. 
Typical  closures  using  resilient  conductive  electronic  weath¬ 
erstrips  are  depicted  on  figure  2-64.  In  designing  gaskets, 
it  is  necessary  to  provide  minimum  gasket  thickness  to  allow 
for  expected  surface  discontinuities  of  the  joint;  to  provide 
correct  height  and  pressure;  and  to  allow  for  frequency  of 
use.  The  gasket  materials  selected  should  be  corros'on  resis¬ 
tant,  conductive,  and  possess  an  adequate  degree  of  strength, 
rasillancy,  and  hardness.  Gasket  characteristics  may  be  clas¬ 
sified  on  the  basis  of  frequency  and  manner  that  the  joint 
will  ba  expected  to  be  opened  and  closed  during  its  lifetime. 
Gaskets  may  ba  held  in  place  by  sidewall  friction,  an  attach¬ 
ment  fin,  or  positioned  by  a  shoulder  as  shown  on  figure  2- 
65.  Gaskets  are  available  in  various  configurations,  includ¬ 
ing  those  shown  on  figure  2-66. 

(2)  Resilient  metallic  gaskets  provide  a  simple,  efficient,  and 
ine.;pensiva  method  for  seating  Joints  in  a  shield,  especial¬ 
ly  when  the  gasket  is  designed  Into  the  shield  and  not  added 
as  an  afterthought.  A  rule  of  thumb  that  applies  specifical¬ 
ly  to  fluid  gaskets  can  also  be  applied  to  conductive  gaskets: 
the  greater  the  compressibility,  the  greater  the  seal  ability. 
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A.  FLAT  PLATE  CONFIGURATION. 


I 

1 

B.  RIDGED 
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PLATE  CONFIGURATION. 


Figure  2-63.  Typical  Groove  Type  Gasket  Applications 


A.  HELP  IN  PLACE  IN  SLOT  BY  SIDC-WALL  FRICTION 


I.  HELD  IN  PLACE  BY  SOLDERING  (AMOUNT  OF  SOLDER  USED  MUST 

BE  CAREFULLY  CONTROLLED  TO  PREVENT  ITS  SOAKING  INTO  THE  GASKET) 


C.  POSITIONED  GY  SNOULDER  IN1Z12-1E7 

Figure  2-65.  Typical  Gasket  Mounting  Methods 
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A.  ROUND  KNITTED  MESH  STRIP 


B.  RECTANGULAR  KNITTED  MESH  STRIP 


C.  SINGLE  ROUND  MESH  STRIP 


D.  DOUBLE  ROUND  MESH  WITH  ATTACHMENT  FIN 


E.  ALUMINUM  EXTRUSION  WITH  MESH  STRIP 
PERMANENTLY  CRIMPED  ON 


IKSS 


F.  COMBINATION  FLUID  AND  RF  6ASKETIN0 
(MESH  STRIP  BONDED  TO  RUBBER  MEMBER) 


IN 1212- 166 

Figure  2-66.  Typical  Electrical  Weatherstripping  Appl i cat  ions 
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This  principle  Is  Illustrated  by  figure  2-67,  which  de¬ 
picts  a  simulated  joint  and  three  gaskets.  Gasket  A  Is 
one-half  the  height  of  B  and  C  and  is  very  resilient; 
gasket  C  has  the  same  resiliency  as  A;  and  gasket  B  is 
harder  than  A.  For  simplicity,  assume  gaskets  A  and  C 
have  twice  the  resiliency  of  B.  They  compress  50  percent 
under  the  force  F  applied  to  the  joint,  while  B  compress¬ 
es  only  25  percent  down  to  75  percent  of  original  height. 
Figure  2-68  shows  gasket  A  compressed  to  50  percent  a* 
the  point  of  maximum  compression;  this  is  not  sufficient 
to  seal  the  joint  fully.  Gasket  B  is  then  inserted  (fig. 
2-65),  but,  because  It  compresses  only  25  percent  under 
the  same  force,  its  greater  height  does  not  result  In 
more  scalability  (0.5h  *  0.25  x  2h) .  In  figure  2-70, 
gasket  C  is  compressed  50  oercent,  the  same  percentage  as 
A,  because  they  are  equally  resilient.  Because  C  is 
twice  as  thick  as  A,  the  same  percentage  of  compression 
results  in  twice  tl.e  actual  compression  .  In  the  example 
(fig.  2-70),  this  Is  sufficient  to  effect  a  seal.  Fig¬ 
ures  2-67  through  2-70  illustrate  the  basic  axiom  oe  gas¬ 
ket  design:  the  gasket  must  be  compressible  enough  to 
conform  to  the  irregularities  of  both  surfaces  under  the 
applied  force.  This  axiom  can  be  applied  to  ail  conduc¬ 
tive  gaskets  with  the  additional  requirement  that  contact 
pressure  be  high  enough  to  make  adequate  contact,  even  in 
the  presence  of  nonconducting  corrosion  films. 
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Figure  2-67.  Gasket  Compressibility  Versus  Sealablllty 


(5)  Although  soldering  gaskets  In  place  Is  seldom  recommen¬ 
ded,  It  Is  Included  here  because  the  method  Is  often 
suggested.  If  the  amount  of  solder  end  length  of  tliae  It 
will  be  molten  can  be  controlled  accurately,  soldering 
might  be  worthwhile.  Cere  must  be  taken  to  prevent  solder 
from  soaking  Into  the  gasket  and  destroying  Its  resiliency. 
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Figure  2-68.  Gasket  A  in  Simulated  Joint 


ro.75  H 
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Figure  2-69.  Gasket  B  in  Simulated  Joint 


Figure  2-70.  Gasket  C  tn  Simulated  Joint 


(4)  Figure  2-64  shows  several  ways  that  various  Forms  of  strip 
materials  can  be  held  in  place.  Two  methods  predominate: 
the  use  of  a.i  attachment  fin  and  sidewall  friction  in  a  slot. 
In  the  sketches  on  figure  2-65.  the  gasket  shown  can  be  spot- 
weldfcd  directly  or  held  by  bonding  cement.  The  bonding  com¬ 
pound  should  be  applied  in  small  l/8-inch  diameter  droplets, 
every  one  or  two  inches,  or  as  a  continues  thin  strip  on 
wider  materials. 

(5)  Figure  2-71  illustrates  a  typical  conduct  ve  gasketing  prob¬ 
lem:  an  equipment  panel  sliding  into  a  <  sse  with  an  inter¬ 
nal  flange.  If  the  pane!  also  holds  the  chassis,  than  the 
entire  weight  of  the  equipment,  exclusive  of  the  case,  is 
borne  by  the  flange.  Therefore,  it  is  very  desirable  that 
there  be  a  rigid,  positive  stop  on  any  gasketing  material 
used  in  the  joint  between  the  panel  and  case  flange.  The 
gasket  shown  is  ideally  suited  for  this  application.  It  has 
an  aluminum  extrusion  to  which  is  attached  a  resilient  gas¬ 
keting  material.  The  panel  comes  to  a  stop  at  the  thickness 
of  the  extrusion.  Because  the  uncompressed  thickness  of  the 
materia)  Is  larger  than  the  thickness  of  the  extrusion,  it 
operates  under  pressure. 

(6)  Often,  AN-type  connectors  are  mounted  on  bulkheads  and  must 
maintain  both  electromagnetic  radiation  and  fluid  seals.  In 
such  cases,  woven  aluminum  screens,  impregnated  with  neoprene, 
are  suitable.  The  connectors  are  made  to  close  tolerances 
and  are  usually  mounted  on  a  sufficiently  rigid  surface  so 
that  the  small  amount  of  compression  of  this  material  is  ade¬ 
quate.  These  gaskets  are  often  so  small  that  no  other  mate¬ 
rial  could  be  used  to  make  a  successful  combination  sealing 
ga»ket. 


2-143 


CASE 


Figure  2-71-  Typical  Conductive  Gasketing  Problem 

(7)  Some  applications  require  seals  to  be  both  pressure  and  inter¬ 
ference  tight.  Figure  2-72  illustrates  a  typical  sample  of 
this  type  of  seal.  A  conductive  gasket  is  mounted  directly  to 
rubber,  or  other  elastic  material,  to  make  a  combination  pres¬ 
sure  and  Interference  seal.  This  combination  seal  can  be  held 
in  place  by  bonding  the  rubber  to  one  of  the  surfaces,  or  by 
use  of  the  screw  holes  in  the  gasket. 

(8)  In  some  equipment,  there  may  be  a  requirement  for  a  pressure 
differential  of  only  one  or  two  inches  of  water>and  for  cool¬ 
ing  air  to  be  ducted  so  as  not  to  leak  out  indiscriminately  at 
joints.  A  combination  of  air-tight  and  interference-tight  gas¬ 
ket  mrcerlal  to  meat  this  requirement  can  be  made  by  knitting 
one  or  two  layers  of  mesh  over  a  neoprene  or  silicone  material 
(fig.  2-73) *  It  will  keep  rain  out,  but  not  water  under  pres¬ 
sure.  It  also  represents  a  compromise  as  an  interference 
shield,as  there  is  much  less  metal  In  this  structure  than  in 

an  al 1 -metal  gasket. 
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Figure  2-72.  Pressurized  Conduct!  ve  Gasket  Application 
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Figure  2-73.  Rein-Tight  Conductive  Gesket  Seel 
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(9)  Gasketing  materials,  such  as  woven  meta? -neoprene  combinations* 
are  usually  less  effective  than  metal  finger  o.  mesh  gaskets. 

The  metal -neoprene  typ£  requires  much  greater  presiure  to 
achieve  satisfactory  compression,  and  requires  a  greater  number 
of  fasteners  per  unit  length.  Gasketing  materials  composed  of 
conductive  plastics  have  recently  become  commercially  available 
and  are  especially  useful  in  cases  where  an  air  or  dust  sea!  Is 
also  required,  in  general,  they  require  greater  pressure  than 
metal  mesh  for  satisfactory  compression  and  necessitate  strong, 
wel I -designed  mating  surfaces.  Such  materials  should  have  a  re¬ 
sistivity  at  least  as  low  as  0.001  ohm-centimeters  to  achieve 
reasonable  shielding  effectiveness  at  frequencies  as  low  as 
0.15  me. 

(10)  Figure  2-74  depicts  insertion  loss,  in  decibels,  of  a  resilient 
metal  gasket,  plotted  against  applied  pressure.  This  insertion 
loss  is  the  reduction  of  energy  leakage  that  results  when  a  con¬ 
ductive  gasket  is  inserted  in  a  previously  ungasketed  joint, 
all  other  parameters  remaining  the  same  (fig.  2- 75) -  Since 
is  the  same  in  both  cases,  and  E(  can  be  assumed  to  be  constant, 
the  calibrated  attenuator  is  a  direct  substitute  for  the  gasket 
and  yields  the  insertion  loss  directly.  Shielding  effectiveness 
or  attenuation  should  not  be  used  as  a  figure  of  merit  for  con¬ 
ductive  gaskets.  In  some  discussions  on  shielding,  shielding 
effectiveness  is  defined  a->  the  over-all  effectiveness  of  the  en¬ 
tire  shielding  system;  attenuation  is  the  shielding  capability 
of  the  metal  of  the  shield.  When  tests  were  run  for  various  com¬ 
binations  of  frequencies,  gasket  materials,  and  joint  moterials, 
the  specific  values  of  insertion  loss  changed,  but  the  shape  of 
the  curve  remained  approximate! y  the  same.  There  was  always  a 
point  at  the  knee  of  the  curve  where  addit!onai  pressure  did  not 
produce  much  insertion  loss.  On  the  average,  this  point  occurred 
at  20  pounds  per  square  inch. 


2-146 


AVER ACC  INSERTION  LOSS 


Hgure  2-7^.  Insertion  Loss  Vs  Pressure  for  Resilient  Metal  Gasket 
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A.  E2  OIITAINED  FOR  VARY  I  AO  VALUES  OF  F  WITH  OASKET  SHIELOIAO  MATERIAL.  Ej  HELD  00  A  START. 


I. 


ij  REFEATE9  FIR  VARY  I  AO  VALUES  OF  F  WITH  RO  SHIELOIAO  OASKET  MATERIAL  FRESERT. 
IRSERTIOR  LOSS  MEASURES  S\  ATTERUATOR.  E,  HELD  OOR START. 


Figure  2-75-  Technique  for  Measurement  of  Insertion  Loss  of  Resilient 
Metal  Gasket 
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(II)  Joints  vary  not  only  in  their  degree  of  misfit,  but  also  in 

frequency  and  manner  in  which  they  are  opened  and  closed  dur¬ 
ing  the  life  of  the  equipment.  Most  resilient  metallic  gas¬ 
kets  will  take  some  set  when  compressed,  and  will  not  return 
completely  to  their  initial  state  when  released.  The  second 
compression  cycle,  then,  wi I <  not  be  the  same  as  the  first. 
Therefore,  if  a  gasket  is  to  be  used  in  a  joint  that  will  be 
opened  and  closed  frequently,  this  effect  must  be  considered. 
Joints  are  classified  as  follows: 

(a)  Class  A,  permanently  closed.  After  initial  closure,  a 
Class  A,  permanently  closed  joint  is  opened  only  for  ma¬ 
jor  maintenance  or  repair.  Feed-through  mounted  inter¬ 
ference  filters  and  many  waveguide  joints  are  examples 
of  Class  A  joints. 

(b)  Class  B.  fixed  position.  In  a  Class  B  joint,  the  rela¬ 
tive  positions  of  mating  surfaces  and  gasket  are  always 
the  same.  For  instance,  any  point  on  the  edge  of  a  door 
will  close  against  its  equivalent  point  on  the  jamb 
after  every  opening.  In  a  Class  B  joint,  the  gasket  Is 
compressed  and  released  from  the  same  operating  height 
at  the  same  point  on  the  gasket  many  times  during  its 
life.  Hinged  lids  and  doors,  and  rack  and  panel  Instal¬ 
lations,  are  typical  of  Class  B  Joints. 

(c)  Class  C.  completely  Intarchanoeabla.  A  Class  C  joint  is 
one  in  which  mating  surfaces  and  shielding  materials  are 
completely  interchangeable,  and/or  the  relative  positions 
of  two  mat>ng  surfaces  and  gasket  may  change.  In  a  Class 
C  joint,  the  gaskets  may  be  compressed  to  several  different 
operating  points  many  times.  Symmetrical  cover  plates  and 
waveguide  choke  flanges  are  examples  of  Class  C  joints. 
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c.  Gasket  Characta rlttlcs.  Various  materials  have  bean  used  to  com¬ 
bine  resiliency  and  conductivity.  These  characteristics  can  be  combined 
by  using  several  methods  and  materials.  Some  of  the  more  common  materi¬ 
als  are  tabulated  In  table  2-27  and  described  In  the  following  paragraphs. 


TABLE  2-27.  CHARACTERISTICS  OF  CONDUCTIVE  GASKETING  MATERIALS 


Material 

Chief  Advantaaes 

Chi ef  Liml tations 

Compressed 
kni tted  wi re 

Most  resilient  all-metal 
gasket  (low  flange  pres¬ 
sure  required) 

Most  points  of  contact 
Available  in  variety  of 
thicknesses  and  resilien¬ 
cies 

Not  available  in  sheet 
form.  (Certain  intricate 
shapes  difficult  to  make) 
Must  be  0.040  inch  or 
th i cker 

AEEL  gasket  or 
equivalent 

Best  break-through  on  cor¬ 
rosion  f  i  Ims 

Not  truly  resilient.  Not 
generally  reusable 

Armour  Research 
gasket  or 
equivalent 

Combines  fluid  and  conduc¬ 
tive  seal 

Requires  1/4- inch  thick¬ 
ness  and  1/2- inch  width 
for  optimum  shielding. 

Aluminum  screen 
impregnated  with 
neoprene 

Combines  fluid  and  conduc¬ 
tive  seal.  Thinnest  gas¬ 
ket.  Can  be  cut  to  intri¬ 
cate  shapes 

Very  low  resiliency  (high 
flange  pressure  required; 

Soft  metals 

Cheapest  in  small  sizes 

Cold  flows,  low  resiliency 

Metal  over 
rubber 

Takes  advantage  of  the 
resiliency  of  rubber 

Foil  cracks  or  shifts 
position.  Generally  low 
insertion  loss  yielding 
poor  rf  properties. 

Conductive 

rubber 

Combines  fluid  and  conduc¬ 
tive  seal 

Practically  no  insertion 
loss  giving  very  poor  rf 
proper  ties 

Contact 

fingers 

Best  suited  for  sliding 
con  tact 

Easily  damaged.  Few  points 
of  contact 
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(!)  Kni tted  wi re  mesh.  Knitted  wire  mesh  materia)  is  made  of  many 
interlocked  loop-shaped  springs;  it  combines  springiness  with 
flexibility  and  cohesion.  These  properties  are  retained  when 
the  mesh  is  compressed  and  make  it  dense  enough  to  be  an  effi¬ 
cient  shielding  material. 

(2)  AEEL  gaskets  or  equivalent.  AEEL  gaskets,  or  their  equivalent, 
are  10-mil  strips  of  beryllium  copper  and  are  made  by  punctur¬ 
ing  thin  sheets  in  both  directions  with  a  nail.  The  resultant 
sharp  raised  points  do  an  excellent  job  of  making  good  contact 
with  both  sides  of  the  joint.  Such  a  gasket  can  be  imbedded 

in  rubber  to  give  a  good  pressure  seal  as  well  as  a  good  rf 
seal.  It  can  also  be  used  where  surfaces  are  anodized  or  cor¬ 
roded  because  it  has  the  ability  to  cut  through  the  films,  mak¬ 
ing  good  metal -to-metal  contact. 

(3)  Armour  Research  gaskets  or  equivalent.  Armour  Research  gaskets, 
or  their  equivalent,  have  many  wires,  each  shaped  like  an  open 

V  rotated  90  degrees  from  the  plane  of  the  mating  surfaces  and 
imbedded  in  silicone  rubber;  they  make  very  efficient  conductive 
gaskets  (fig.  2-76).  The  wires  in  the  gaskets  have  the  ability 
to  puncture  any  oxide  film  on  mating  surfaces;  and  the  bends  in 
the  wires  allow  the  gaskets  to  compress  while  the  ends  of  the 
wires  establish  contact. 

(A)  Woven  aluminum  mash  or  screen  Impregnated  with  neoprene.  Woven 
aluminum  mesh  or  screen  impregnated  with  neoprene  is  ground  off 
to  expose  peaks  of  the  aluminum  mesh  on  both  sides.  One  exam¬ 
ple  of  this  type  of  materia)  is  16-gauge  aluminum  screen  impreg¬ 
nated  with  neoprene. 

(5)  Soft  metal .  Soft  metals,  such  as  copper  or  lead,  have  been 
used  as  conductive  gaskets. 
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Figure  2-76.  Interference  Gasket  of  the  Armour  Research  Type 

(6)  Metal  over  rubber.  By  covering  rubber  With  metal  foil,  or 
wire,  the  resiliency  of  rubber  is  combined  with  the  conduc¬ 
tivity  of  metal . 

(7)  Conductive  rubber.  Conductive  rubber  has  been  tested,  but  at 
present  does  not  have  sufficient  conductivity. 

(8)  Serrated  contacted  fingers.  Rest  I iency,  in  the  case  of  serrat¬ 
ed  contacted  fingers, is  achieved  by  having  cantilever  springs 
make  wiping  contact  between  the  two  surfaces.  If  the  ringers 
are  used  In  this  manner,  they  can  be  considered  adequate  con¬ 
ductive  gaskets  (fig.  2-77)  • 

Conductive  Casket  Sal  act ion.  The  design  goal  for  conductive  gasket 
application  is  a  gasket,  resilient  enough  to  make  continuous  contact  des¬ 
pite  irregularities  of  both  surfaces,  at  a  pressure  high  enough  to  result 
in  low  impedance  across  the  Joint.  Most  conductive  gaskets  take  some  amount 
of  compression  set.  Since  the  gasket  in  a  Class  A  joint  is  compressed  only 
once,  compression  set  is  of  little  concern.  In  a  Class  B  joint,  the  set  re¬ 
sults  in  reduced  uncompressed  gasket  height.  In  a  Class  C  joint,  maximum 
compression  set  may,  in  a  subsequent  use  of  the  gasket,  occur  at  the  joint 
of  minimum  set.  This  means  that  gaskets  in  Class  A  joints  can  stand  more 
compression  than  in  Class  B  or  C.  Class  C  gaskets  can  tolerate  the  least 
compression.  Table  2-28  is  a  guide  to  selection  of  rf  esskets  based  on 
mechanical  suitability. 
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Figure  2- 77 •  Mete  I -to-Metal  Contact  Techniques  of  Cover  end  Case 
for  Interference  Shields 
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TABIE  2-28 


GUIDE  TO  CHOICE  OF  TYPE  OF  RF  GASKET  BASED  ON 
MECHANICAL  SUITABILITY 
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•  -  MmmMIv*  spot  bondings  A  nencenductlve  edhesl ve  cen  M  used  directly  under  an  rf  ga*,- 
M  If  It  It  eeod  duly  In  l/fl-  to  IA-1  nch  diameter  spots*  I-  to  2-lnehes  apart, 

b  *  A  nonaendeetlre  adhesive  con  always  be  ucod  continuously  If  It  It  used  under  the  attachment 
or  rubber  portion  of  casVInatlon  strip  end  •#  skats,  Out  not  under  the  rf  gasket  Itself. 

c  -  A  conduct  I ve  adhesive  con  ho  applied  continuously  under  an  rf  gasket. 

d  -  tilth  keck  I  n|  atrip  over  attachment  fine* 

e  •  If  mesh-over* rubber  version  of  entrust on  pocket  Is  used. 

f  *  (valuation  It  only  for  mnhanlcal  suitability.  Pressure  my  be  high  enough  to  give  suffi¬ 
cient  Insertion  loss. 

g  •  evaluation  based  on  space  being  available  to  use  thick  enough  gasket. 

h  -  Including  space  for  attachment  method  Integral  to  material  considered. 

I  -  {valuation  Is  not  based  on  electrical  suitability  of  conductive  rubber  which  Is  generally 
poorer  than  other  materials  listed. 
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e.  Gasket  Materials.  Various  forms  of  knitted  wire  conductive  gas¬ 
kets  are  available  in  monel,  silver-plated  brass,  and  aluminum.  These 
materials  are  showt  in  table  2-29-  Monti  is  the  most  corrosion  resist¬ 
ant  material  of  the  th-ee;  and  aluminum  is  the  least  corrosion  resist¬ 
ant.  Frequently,  conductive  gaskets  are  used  in  contact  with  an  alumi¬ 
num  structure;  the  problem  of  compatibility  then  arises.  In  certain  re¬ 
spects,  an  aluminum  gasket  would  be  more  compatible  with  aluminum.  How¬ 
ever,  monel  is  a  better  choice  because  of  superior  resiliency  and  corro¬ 
sion  character i st i cs.  The  choice  of  monel  is  based  on  its  own  corrosion 
resistance.  If  an  aluminum  gasket  were  used,  the  gasket  would,  itself, 
be  subject  to  corrosion.  Even  though  monel  may  cause  some  corrosion  of 
the  aluminum  enclosure,  this  is  a  minor  consideration  compared  to  gasket 
loss  by  corrosion.  Monel  is  also  recommended  for  use  with  magnesium, 
aluminum,  cadmium-plated  steel,  stainless  steel,  and  s imi lar  metal s. 

Whilq  in  the  strict  sense,  monel  is  not  compatible  with  these  metals,  its 
use  is  permitted  because  the  monel  will  be  present  in  a  much  smaller 
mass,  reducing  galvanic  corrosion.  The  ranking  of  conductivity  requires 
some  explanation.  If  only  monel,  silver-plated  brass,  and  aluminum  are 
considered,  the  intrinsic  conductivity  is  as  shown  In  table  2-29.  The 
numbers  in  parentheses  in  that  table  indicate  that  if  silver  only  is  con¬ 
sidered  instead  of  silver-plated  brass,  then  the  ranking  would  be  3,  l> 

2,  rather  than  3>  2,  I.  In  conductive  gasket  work,  however,  the  intrin¬ 
sic  conductivity  of  the  material  is  not  the  important  consideration.  Be¬ 
cause  surface  corrosion  films  can  form  and  greatly  reduce  the  actual  con¬ 
ductivity  of  r  gasket,  material  should  be  ranked  by  its  conductivity  with 
surface  films.  When  this  Is  done,  they  rank  I,  2,  3,  as  shown,  except 
when  silver-plated  brass  is  very  clean  and  fresh;  then  the  ranking  is  2, 
I,  3.  For  tensi.'e  strength,  springiness,  and  hardness,  monel  is  usually 
recommended,  except  that  silver-plated  brass  should  be  used  if  maximum 
conductivity  is  needed  and  the  silver  is  to  be  used  in  a  controlled  at¬ 
mosphere. 
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TABLE  2-29.  GASKET  MATERIAL  CHARACTERISTICS 


1  Corrosion 

Conduct 

sum 

I  Meehan i ci 

1 

In  Contact 

Material 

1 ntr ins i c 

With 

Al  uminum 

intrinsic 

Over-al 1 

Tensi 1 e 

Spring 

Hardness 

Monel 

1 

t 

2 

3 

1  (2) 

i 

2 

i 

Si  1 ver- 

plated 

brass 

2 

3 

2  (1) 

2  (1) 

2 

1 

2 

Al uminum 

3 

1 

1  (2) 

3 

3 

3 

3 

I  :  most  des i rable 
3:  least  desirable 


2-23>  Special  Shielding  Techniques 

a.  Carbon  Arc  and  Gas  Discharge  Lamps.  Carbon-arc  lamps  are  widely 
used  in  projectors  and  reproduction  devices.  They  produce  a  continuous 
electrical  arc  between  two  carbon  electrodes  and  are,  therefore,  very 
severe  interfersnce  generators.  Because  carbon-arc  lamps  are  usually 
used  in  small  enclosures,  and  light  is  beamed  in  a  single  direction,  par¬ 
tial  shielding  I',  feasible  and  effective.  In  addition,  feed-through  or 
bypass  capacitors  may  be  installed  in  power  leads  to  prevent  corduction 
of  interference  out  of  the  enclosure. 

(I)  Gas  discharge  lamps  such  as  fluorescent  lights,  ultraviolet, 
and  neon  lamps  are  intrinsic  sources  of  interference;  inter¬ 
ference  control  is  largely  a  matter  of  isolation  and  contain¬ 
ment.  This  Interference  arises  from  the  rapid  ionization  that 
takes  place  with  each  cycle  of  the  line  frequency  which  gener¬ 
ates  impulsive  bursts  of  wide-band  interference.  The  ionic 
discharge  often  generates  a  single  frequency,  usually  in  the 
low  megacycle  range,  which  appears  at  the  terminals  of  the 
lamp  and  is  radiated  from  the  glass  bulb  and  interconnecting 
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leads.  Fluorescent  lamps  contain  mercury  vapor  at  low  pres* 
sure  which  is  ionized  by  the  flow  of  electrons  in  the  tube. 

The  subsequent  deionization  causes  ultraviolet  radiation. 

This  excites  the  phosphor  coating  on  the  inside  of  the  tube, 
causing  it  to  emit  light  in  the  visible  region.  Since  this 
process  essentially  employs  a  continuous  arc,  it  gives  rise 
to  radio  interference. 

(2)  There  are  three  ways  in  which  these  lamps  can  transmit  inter¬ 
ference  to  receivers:  by  radiation  directly  from  the  lamp, 
radiation  from  power  leads,  or  transmittal  by  conduction 
through  a  common  power  supply  system.  Suppression  of  direct 
lamp  radiation  is  a  function  of  lamp  shielding.  This  approach 
is  not  often  very  effective,  however,  because  shielding  can 
interfere  with  the  normal  lighting  function.  Elimination  of 
most  power-line  conducted  or  radiated  fluorescent  lamp  inter¬ 
ference  is  accomplished  with  the  aid  of  feed-through  or  bypass 
capacitors.  For  systems  that  employ  starters,  such  capacitors 
mav  be  placed  across  starter  terminals,  as  shown  on  figure 
2-78.  For  starter  I  ess  systems,  the  capacitors  are  mounted  in 
the  ballast,  as  shown  on  figure  2-79*  Most  lighting  fixtures 
have  these  capacitors  built  in,  but  this  may  not  be  the  case 
whan  manual  starting  is  employed.  For  manual  starting,  a  ca¬ 
pacitor  of  from  0.006  to  0.01  pf  should  be  installed  across 
lamp  leads.  In  cases  where  it  is  desirable  to  reduce  inter¬ 
ference  further  in  power  leads,  filters  should  be  used. 

(3)  Lamps  of  this  type  cannot  be  completely  shielded  with  sheet 
metal  without  eliminating  all  of  the  useful  light  outout. 
However,  screen  wire  can  be  used,  but  reduction  in  light 
transmission  by  suitable  screening  may  be  as  great  as  50  per¬ 
cent.  Progress  has  been  made  in  the  development  of  coated 
glass  which  transmits  over  90  percent  of  the  visible  light 
while  providing  adequate  interference  shielding.  The 
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Figure  2-78* 


Starter  Type  Fluorescent  Lamp  Supprer sor 
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Figure  2-79*  Starterless  Fluorescent  Lamp  Suppressors 
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function  of  the  costing  on  the  glass  is  to  intercept  and 
ground  out  radiated  interference.  Typical  construction 
consists  of  a  heat-resistant,  borosilicate  glass  panel  hav¬ 
ing  a  permanently  bonded,  transparent,  electrically-conduct¬ 
ing  film  applied  to  its  smooth  side.  A  0.25-inch-wide  metal 
grounding  strip  is  fired  onto  the  film  around  the  periphery 
of  the  glass  panel.  A  conductive  silver  paint  is  applied  to 
make  good  contact  between  the  glass  panel  and  the  frame;  and 
the  frame  is  bonded  to  the  metal  fixture  ground  plane.  The 
glass  coatings  usually  exhibit  resistances  ranging  from  50 
to  200  ohms  per  square  inch  and  substantially  reduce  radiat¬ 
ed  inter. erence  in  the  frequency  rarqe  from  0.014  to  25  me. 

(4)  The  standard  slimline  fluorescent  lighting  fixtures  represent 
a  potential  source  of  conducted  ard  radiated  interference. 
Confirming  tests  performed  on  an  8-f  X  slimline  fixture  indi¬ 
cated  conducted  interference  of  700  microvolts  per  kc  band¬ 
width  at  0.5  megacycles,  and  18  microvolts  per  kc  at  10  me. 
Radiated  interference  exceeded  the  limits  of  HI L— I -61  Si B  up 
through  I  me.  As  an  example,  700  microvolts  per  kc  broadband 
interference  energy  in  a  circuit  having  a  bandwidth  of  20  kc 
would  produce  the  equivalent  of  a  14,000  microvolt  signal. 
Further,  a  large  number  of  such  fixtures  could  generate  even 
higher  interference  voltage  amplitudes,  depending  on  inherent 
phase  relationships.  To  deal  effectively  with  these  levels 
of  broadband  interference,  waveguide  type  filter  shields  of 
honeycomb  material  can  be  successfully  employed.  Low  rf  im¬ 
pedance  bonding  of  the  shield  assembly  to  the  fixture  frame 
and,  in  turn,  to  ground  through  conduits,  etc.,  becomes  of 
utmost  importance.  The  use  of  capacitor  networks  {by-pass  or 
feedthroughs)  or  power  line  filters  (and  conduits)  are  recom¬ 
mended  for  attenuation  of  conducted  interference  phenomena. 
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b.  Magnetic  Shielding  Techniques.  Wei  I -enqi neered  circuits  can  be  se¬ 
riously  affected  by  interference  from  spur  ous  magnetic  fields  set  up  by 
neighboring  componrnts.  Experience  has  shown  that  these  effects  can  be 
minimized  by  judicious  orientation  of  components  on  the  chassis.  There 
are  many  instances,  however,  where  this  cannot  be  accomplished  because  of 
space  limitations.  In  addition,  many  low-level  applications  can  be  upset 
by  the  earth's  magnetic  field.  This  problem  can  be  critical  in  amplifier 
circuits  where  the  extraneous  signal  may  be  amplified  thousands  of  times, 
for  example,  the  field  generated  by  the  driving  motor  of  a  tape  recorder 
is  of  sufficient  magnitude  to  dominate  the  signal  completely  unless  the 
record  and  play  back  heads  are  well  shielded.  The  electron  beam  of  a 
cathode-ray  tube  can  be  bent  by  the  field  of  a  transformer  used  in  the 
circuit.  A  magnetic  compass  is  of  such  strength  as  to  affect  a  radar 
scope  six  feet  away.  Because  of  such  effects,  input  transformers  handling 
very  low-level  signals  must  be  protected  from  any  spurious  fields.  Some 
relief  can  be  obtained  in  the  design  of  transformers  by  using  a  hum-buck¬ 
ing  construction,  where  some  of  the  fields  are  bucked  out  by  splitting  the 
windings  on  the  magnetic  core  structure.  Another  solution  is  the  use  of  a 
core  structure  in  which  air  gaps  between  lamination  pairs  (where  fringing 
of  flux  develops)  are  contained  within  the  electrical  coil.  In  general, 
the  solution  of  most  of  these  problems  lies  in  the  use  of  a  magnetic  shield 
around  the  affected  component. 

(I)  4  magnetic  shield  is  actually  a  low-rel uctance  path  in  which 

the  magnetic  field  Is  contained.  For  this  reason,  shields 
are  generally  made  of  hiqh  permeability  nickel -iron  alloy  such 
as  Mu^netal.  Cast  iron  and  other  relatively  low  permeability 
materials  have  also  baen  used  by  compensating  with  a  much 
heavier  thickness.  For  example,  most  nickel-iron  alloy  shields 
are  produced  l.i  thicknesses  of  0.025  to  0.035  Inch,  while  a 
comparable  shield  in  cast  iron  would  probably  require  a  0.125 
to0.25~inch  thickness.  Where  weight  and  size  are  critical, 
nickel -iron  alloys  should  be  specified. 
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(2)  There  ere  many  low-level  applications  where  a  single  shield 
will  not  reduce  the  field  to  a  low  enough  value.  In  such 
cases,  a  nest  of  shields  is  necessary.  Additional  shields 
are  placed  over  the  first  one  to  achieve  the  degree  of  iso¬ 
lation  required.  These  should  be  completely  separated  from 
each  other  to  ensure  maximum  permeability  of  the  group  and 
a  high  reluctance  gap  between  each  shield.  This  is  often 
accomplished  by  using  0.010-inch  thick  Kraft  paper  as  a  sep¬ 
arator  . 

(3)  Structurally,  magnetic  shields  fall  into  two  broad  classes: 
those  produced  by  deep  drawing  from  flat  blanks  and  those 
formed  and  welded.  Because  of  difficulties  involved  in  deep 
drawing  nickel-iron  alloys,  drawn  shields  are  usually  con¬ 
fined  to  smaller  sizes;  and  because  nickel-iron  alloys  work 
haraen  very  rapidly  in  the  drawing  process,  generous  radii 
must  be  provided  to  prevent  tearing.  In  drawing  Nu-metal 
cans,  care  should  be  taken  to  rolieve  the  internal  strains 

as  quickly  as  possible.  Shields  for  such  items  as  transform¬ 
ers,  cathode-ray  tubas  and  photomultiplier  tubes  are  fabri¬ 
cated  from  flat,  unannealed  sheets  of  metal.  The  material  is 
bent  on  brakes  or  rolls,  and  the  joints  are  overlapped  and 
spot  welded.  All  holes  and  slots  are  pierced  prior  to  the 
forming  operation.  After  fabrication,  shields  are  given  the 
final  heat  tiaatment  in  pure,  dry  hydrogen  at  2050#F  to  de¬ 
velop  the  required  permeability.  Before  this  final  treatment, 
the  permeability  is  approximately  five  percent  of  the  ultimate 
that  is  developed  by  the  annealing  process.  For  the  most 
critical  applications,  deviations  from  this  treatment  will  re¬ 
sult  in  an  Inferior  unit  which  is  apt  to  have  nonuniform  mag¬ 
netic  characteristics  in  addition  to  low  permeability.  It  has 
been  found  that  a  3/8-inch  overlap  of  material  is  sufficient 
to  prevent  any  penetration  by  the  extraneous  field.  Spot  weld¬ 
ing  at  intervals  of  l/2-inch  is  adequate  to  seal  the  joint. 
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(4)  Placement  of  joints  In  the  shield  surface  affects  the  shield 
effectiveness.  In  a  cathode-ray  tube  shield,  for  example, 
joints  in  the  axial  direction  of  the  tube  have  little  degrad¬ 
ing  effect  on  shielding  effectiveness,  but  joints  ncrmil  to 
the  axis  reduce  the  effectiveness  of  the  shielding.  Figure 
2-80  shows  examples  of  these  constructions,  and  also  the  de¬ 
veloped  blanks  from  which  they  are  formed.  The  blank  used  to 
form  the  shield  with  thu  axial  joint  (fig.  2-80A) ,  has  a  max¬ 
imum  flux  path;  the  normal  joint  in  the  secord  example  (fig. 
2-80B)  divides  the  bl«.nk  into  two  parts  that  have  low**r  per¬ 
meance,  resulting  in  decreased  shielding  effectiveness.  If 
space  and  mounting  difficulties  are  no  problem,  costs  can  be 
cut  by  eliminating  expensive  layouts,  as  shown  on  figure  2-81 
Here,  a  simple  frustum  of  a  cone  that  follows  the  contour  of 
the  tube  is  substituted  for  a  three-piece  construction  (fig. 
2-8! A).  In  addition  'o  the  economy  realized  through  simpler 
construction,  annealing  costs  can  be  greatly  reduced  by  nest¬ 
ing  the  cones  In  the  annealing  box,  as  shown  on  figure  2-81 B. 


A.  AXIAL  CASE. 


I.  NORMAL  CASE. 
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Figure  2-80.  Effect  of  Joint  Orientation  on  Flux  Paths 
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Figure  2-81.  Shield  Economies 


(5)  The  question  is  often  raised  as  to  the  possibility  of  using 
annealed  Mu-metal  sheets  to  eliminate  the  much  higher  cost  of 
annealing  in  the  final  form.  Unfortunately,  the  permeability 
of  Mu^netal  is  adversely  affected  by  cold  work  of  any  kind; 
therefore,  the  effectiveness  of  this  shield  would  be  inferior 
to  one  made  in  the  recommended  manner  and  then  given  a  final 
heat  treatment.  This  is  particularly  true  because  most  shields 
are  produced  from  fairly  heavy-gauge  material  (0.025  to  0.035 
inch  thick). 

(6)  For  shielding,  some  of  the  trade  name  materials  on  the  market 
are  Mu-metal,  Co-Netic  AA,  llnl mag  80,  Hi  Mu  80,  and  Hypernom. 
These  materials  hava  generally  the  same  basic  constituents  of 
80  percent  nickel,  20  percent  Iron.  The  relative  shielding 
effectiveness  varies  little  between  materials,  but  varies  a 
great  deal  with  field  frequency.  In  general,  the  lower  the 
frequency,  the  lower  the  shielding  effectiveness.  An  80-per¬ 
cent  nickel  alloy  is  difficult  to  draw  and  form.  The  best  way 
to  handle  these  alloys  is  by  the  polyform  process:  casting  a 
matrix  in  a  die  or  molo  to  the  desired  shape.  The  matrix  is 
rotated  and  cooled  while  the  magnetic  shielding  mater:al  is 
sprayed  on  it  to  the  desired  thickness.  When  complete,  sub¬ 
sequent  grinding,  drilling  or  other  machining  is  carried  out; 
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then  the  matrix  is  removed,  leaving  an  enclosure  that  is  ade- 
quate  for  electronic  assemblies.  The  enclosure  will  have  in¬ 
ternal  dimensions  exactly  matching  the  matrix  and  therefore 
will  be  superior  to  a  fabricated  can,  particularly  when  sharp 
corners  are  required.  To  achieve  optimum  efficiency  and  add 
to  ductility,  annealing  usually  follovs  this  stage.  Where 
necessary,  shielding  effectiveness  may  be  further  improved  by 
laminating.  In  many  cases,  a  sprayed  layer  of  copper  is  in¬ 
serted  between  layers  of  shielding  material  to  provide  special 
characteristics.  This  can  be  done  with  ease,  at  little  addi¬ 
tional  cost.  There  are  cases  where  it  is  impossible  to  add  an 
additional  cover  because  of  space  and  weight  limitations.  In 
such  instances,  pol yform  is  convenient  because  the  shielding 
material  can  be  applied  directly  upon  existing  enclosures  of 
almost  any  material  to  the  desired  thickness  and  shielding  ef¬ 
fectiveness. 

(7)  In  general,  the  solution  to  the  problem  of  shielding  against 
magnetic  fields,  internally  generated  by  transformers  and 
coils,  takes  one  of  two  directions:  sM el  ding  the  source  or 
shielding  the  component  or  chassis  that  may  be  most  affected. 
Multiple  shields  are  sometimes  required  to  extend  the  magnet¬ 
ic  and  electric  shielding  into  higher  frequency  ranges.  Lam¬ 
inates  of  magnetic  and  high*conductlvl ty  materials  are  used; 
the  former  for  shielding  of  a  magnetic  field,  and  the  latter 
for  shielding  of  an  electric  field.  To  ensure  maximum  per¬ 
meability  from  these  materials,  they  must  be  metal lurgical ly 
prepared  with  great  caution.  In  addition,  alloys  of  iron- 
silicon,  Iron-nickel  and  iron-cobalt,  with  proper  heat  treat¬ 
ment,  yield  permeabilities  higher  than  that  of  pure  iron. 

c.  Data  Output  Openings.  Data  output  openings,  such  as  those  for  di¬ 
rect  view  storage  tubes,  cathode-ray  tubes,  and  meters,  represent  a  large 
discontinuity  in  an  equipment  case.  Meters  and  other  visual  readout 


2-164 


devices  often  present  difficult  interference  protection  problems,  pertlc- 
ulerly  et  high  frequencies,  beceuse,  at  present,  materials  that  are  both 
optically  transparent  and  conductive  are  ineffectual  shields.  If  fine 
knitted  mesh  or  conductive  glass  is  used  for  display  shielding,  it  may  not 
furnish  the  degree  of  attenuation  required.  In  most  cases,  this  problem 
is  overcome  by  installing  a  shield  around  the  rear  of  the  readout  device 
and  filtering  or  by-passing  all  leads  entering  and  leaving  it,  as  shown  on 
figure  2-82.  A  number  of  semitransparent  shielding  materials  are  availa¬ 
ble  for  application  to  data  output  and  display  devices.  Included  are  cop¬ 
per  mesh  screening,  perforated  metal,  conduct ively  coated  glass,  and  con- 
ductively  coated  plastic.  The  optical  and  electrical  transmission  proper¬ 
ties  of  some  of  these  materia;*  or?  summarized  in  table  2-30.  A  compari¬ 
son  of  relative  levels  at  three  frequencies  indicates  that,  for  virtually 
all  of  the  conductively  coated  materials,  the  ratio  of  electrical  trans¬ 
mittance  to  optical  transmittance  is  relatively  high.  For  instance,  a  30- 
micron-thick  gold  film  on  plastic  yields  an  electrical  transmittance  of 
16  percent  (at  5*9  kmc)  and  an  optical  transmittance  of  Ik  percent.  The 
electrical  transmittance  decreases  with  frequency;  at  higher  frequencies, 
considerably  higher  electrical  transmittance  (poorer  shielding  qualities) 
can  be  postulated.  The  twenty-mesh  copper  screen,  while  showing  the  same 
order  of  electrical  transmittance  as  the  gold  film  at  5*9  kmc,  has  approx¬ 
imately  twice  the  optical  transmittance.  In  addition,  the  shielding  ef¬ 
fectiveness  of  copper  mesh  Improves  with  decreasing  frequency,  although  at 
higher  frequencies,  comparison  of  the  two  materials  would  favor  the  copper 
mesh.  Economically,  copper  mesh  Is  more  practical  because  deposition  of 
thin  metal  films  is  an  expansive  process  compared  with  utilization  of  cop¬ 
per  mesh. 

(I)  Direct-View  Storage  Tubas.  The  application  of  magnetic  shield¬ 
ing  to  direct-view  storage  tubes  practically  eliminates  the  ef¬ 
fects  of  stray  magnetic  fields.  A  double  shield  is  required  to 
stop  these  fields  effectively.  It  may  consist  of  one  shield  of 
Netic-type  alloy  and  one  shield  of  Co-Net ic-type  alloy.  Prin¬ 
cipal  Netlc-type  alloy  material  character! sties  are  high-flux 
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capacities  and  extremely  low  retentivity.  Co-Net  I c-type  alloy 
materials  are  more  effective  for  low-intensi ty,  low-frequency 
problems.  The  inner  shield  should  be  of  Co-Netic  type  materi¬ 
al  or  an  equivalent;  the  outer  shield,  Netic  type  material  or 
an  equivalent.  The  Co-Net ic-type  shield  should  be  0.025  inch 
thick;  the  Netic-type  shield,  0.062  inch  thick.  In  this  ar¬ 
rangement,  the  dc  magnetic  field  is  reduced  by  a  factor  of 
1000,  and  the  ac  magnetic  field,  tested  at  60  cycles,  is  re¬ 
duced  by  a  factor  of  30,000. 


Figure  2-82.  Meter  Shielding  and  Isolation 
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TABLE  2-30.  MICROWAVE  AND  OPTICAL  PROPERTIES  OF  SEMITRANSPARENT 
SHIELDING  MATERIALS 


Material 

Microwave  Transmittance 
(Percent) 

Optical 

Transmi ttance 
(Percent) 

5.h  kmc 

wwMsm 

(8.8  kmc 

Gold  f i 1m  about  1 1  p 
thick  on  plastic  (300 
ohms/squa re) 

23 

10 

0.8 

49 

Gold  film  about  30  p 
thick  on  plastic 
(12  ohms/square) 

0.16 

0.1 

0.01 

24 

Gold  film  about  75  p 
thick  on  glass  (1.5 
ohms/squa re) 

0.04 

0.01 

0.004 

3.2 

Copper  mesh  (20  per 
i  nch) 

0.1 

0.2 

0.2 

50 

Copper  mesh  (8  per 
i  nch) 

1 .0 

1.3 

2.5 

60 

Lead  glass  (X-ray  pro¬ 
tective,  1/4  inch 
thick) 

30 

25 

16 

85 

Lucite  (3/16  inch 
thick) 

80 

50 

25 

92 

Li bby-Owens-Ford  Elec- 
trapane  glass,  with 
conductive  coating 
about  150  p  thick  (120 
ohms/square) 

16 

16 

16 

85 

Li bby-Owens-Ford  Elec- 
trapana  glass,  with 
conductive  coating 
about  300  p  thick  (70 
ohms/squa ra) 

9 

10 

8 

80 

Corning  heating  panel 
glass,  with  conductive 
coating  about  1 • 5  P 
thick  (15  ohms/squa re) 

1.6 

1.2 

O.08 

45 
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(2)  Cathode-Ray  Tubes.  Cathode- ray  tube  openings  represent  vie 
of  the  largest  discontinuities  and  are  of  a  type  most  diffi¬ 
cult  to  treat.  The  disruption  of  the  shield  Is  such  that. 

If  not  considered  In  the  Initial  design  stiges,  It  may  be¬ 
come  extremely  difficult  td  achieve  an  acceptable  final  pro¬ 
duct.  Treatment  of  the  opening  In  made  additionally  diffi¬ 
cult  by  the  requirement  for  unrestricted  transparency  (fig. 
2-83).  For  good  shielding  construction,  It  Is  necessary  for 
all  Items  that  penetrate  the  shielding,  such  as  pipes  and 
conduits,  to  be  electrically  bonded  to  the  shielding  at  the 
point  of  entrance  by  soldering,  brazing,  or  welding*  Han¬ 
dles,  latches,  screw  heads,  nails,  and  other  metal  projec¬ 
tions  that  Oierce  the  shield  should  be  brazed  or  soldered 

to  the  shield;  all  breaks  should  be  bonded  in  continuous 
seams.  These  precautions  prevent  the  antenna  effect:  a 
metal  element  that  projects  through  the  shielding  can  act 
as  a  receiving  antenna  on  one  side,  picking  up  radiated  en¬ 
ergy  and  reradiating  signals  In  the  opposite  direction  on  the 
other  side.  At  high  frequencies,  such  Isolated  hardware  is 
comparable  to,  and  can  radiate  as,  a  waveguide  probe.  Mini¬ 
mal  impedance  between  such  a  projection  and  the  shielding 
will  eliminate  the  antenna  effect. 

(3)  Indicating  and  Elapsed  Time  Meters.  Meter  movements,  vrfien 
shielded,  are  not  effected  by  ac  or  dc  magnetic  fields. 

The  most  common  sources  of  Interference  to  unshielded  me¬ 
ters  are  transformers,  motors,  generators,  current-carrying 
cables  or  buses,  solenoids,  and  other  components  producing 
magnetic  fields.  Shielding  against  interference  from  such 
Items  permits  unrestricted  use  of  meters  in  otherwise  diffi¬ 
cult  environments. 
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(4)  Fuse  Holder  and  Indicator  Lamp  Openings.  In  electronic  equip¬ 
ment,  both  active  and  spare  fuses  may  be  sources  of  radiation 
because  they  can  act  as  antennas.  The  lack  of  shielding  in 
most  fuseholders  permits  internal  high-frequency  interference 
to  propagate  through  the  opening  in  an  otherwise  well-shield¬ 
ed  panel.  One  solution  is  to  group  all  fuseholders  together; 
a  shield  of  solid  metal  with  wire  mesh  gasketing  may  then  be 
used  to  surround  the  fuse  cluster.  This  approach  can  be  uti¬ 
lized  for  indicating  lamps,  provided  screening  or  special 
conducting  glass  is  substituted  for  the  solid-metal  fuse  hold¬ 
er  shield. 

(5)  Swi tchinq  Devices.  Components,  such  as  solenoids  or  other  de¬ 
vices  involving  high  inrush  currents  or  incorporating  switch¬ 
ing  devices  that  normally  develop  high  amplitude  transients, 
can  prove  a  source  of  difficulty  in  an  interference-free  de¬ 
sign,  particularly  where  space  is  at  a  premium.  If  units  are 
completely  enclosed  in  a  shield,  the  most  likely  cause  of  in¬ 
terference  radiation  will  be  interconnecting  wiring.  Mu-metal 
cannot  be  drawn  into  tubing  because  of  the  loss  of  shielding 
effectiveness  resulting  from  the  cold  working  involved;  there¬ 
fore  an  adequate  shield  is  often  developed  by  wrapping  a  con¬ 
tinuous  layer  of  annealed  tape  around  the  cable.  A  typical 
application  may  involve  shielding  a  cable  of  approximately  0.5- 
inch  diameter,  which  has  to  be  flexible  in  the  final  assembly. 
Annealed  Mu-metal  tape  0.001-inch  thick  and  0.25-inch  wide 
wrapped  In  two  layers  would  prove  a  suitable  solution  to  this 
problen.  The  first  layer  can  be  spaced  approximately  0.125- 
Inch  between  convolutions,  with  the  second  layer  overlapping 
the  first  layer  to  cover  the  gaps  between  turns.  The  assembly 
can  be  covered  with  a  protective  rubber  coating  and  may  be 
flexed  without  losing  its  shiel  ing  effect.  A  form  of  shield¬ 
ed  cable  using  four  counterspi ral -wound  bands  of  foil,  Netic, 
Co-Netlc  or  their  equivalent,  is  also  recommended.  This  con¬ 
struction  it  Shown  on  figure  2*84A.  The  strips  can  be  f  ..i 
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B.  USE  OF  ZIFFF*  TUBIHB 


A.  SHI  El  DING  CABLE  WITH  FOUR 
BANOS  OF  FOIL 


IN 1212-170 


Figure  2-84.  Magnetic  and  Electrostatic  Cable  Shielding 


0.25-inch  to  l-inch  wide.  To  minimize  leakage  between  unavoid¬ 
able  gaps,  it  :s  necessary  to  wind  the  materiel  so  as  to  permit 
spiral  positioning  along  the  length  of  the  cable,  with  each 
following  layer  consisting  of  another  spiral  in  the  opposite  di¬ 
rection.  Successive  .ayers  of  the  tape  would,  in  this  manner, 
ensure  a  minimum  of  g«">'  and  permit  flexibility.  Such  spiral- 
wound  shielded  cables  are  commercially  available.  A  design  en¬ 
gineer,  who  encounters  the  need  for  a  shield  of  this  nature, 
can  procure  the  tape  in  foil  form  and,  for  evaluation  purposes, 
fabricate  a  prototype  shield  for  his  own  cables.  A  total  of 
four  wraps,  or  multiples  of  four,  may  be  necessary  for  cables 
carrying  appreciable  current.  For  conductors  carrying  currents 
greater  than  two  amperes,  the  first  two  layers  should  be  Netic 
S3-6  foil  or  its  equivalent;  the  remaining  layers  should  be  Co- 
Netic  AA  foil  or  its  equivalent.  Zipper  tubing  can  be  used  as 
an  efficient  means  of  mechanically  holding  the  foil  wraps  in 
place,  as  shown  on  figure  2-84B.  Zipper  tubing  is  not  recom¬ 
mended  for  cable  shielding.  Net:c  and  Co-Net ic  type  foils,  or 
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their  equivalents,  ere  eveileble  from  0.002  to  0.007  inch  in 
thickness  and  in  various  widths.  Also,  these  alloys  provide 
a  simple  method  of  shielding  transformers  and  small  reactors; 
the  foils  are  carefully  wrapped  around  tr.em  with  the  neces¬ 
sary  number  of  layers  to  provide  the  desired  attenuation  lev¬ 
el.  After  wrapping,  the  cable  can  be  potted  or  encapsulated 
to  prevent  unraveling  of  the  foil.  The  Netic-type  foil  and 
its  equivalents  exhibit  the  ability  to  carry  relatively  high 
flux  densities;  the  Co-Net i c-type  foil  and  its  equivalents 
have  the  property  of  offering  maximum  attenuation.  When  an 
interfering  field  is  of  sufficient  intensity  to  partially 
saturate  the  Co-Netic-type  fo» i ,  ar . J  therefore  limit  the  re¬ 
alizable  attenuation,  Netic-type  foil  can  be  placed  between 
layers  of  Co-Net ic  foil.  The  Netic-type  foil,  under  these 
circumstances,  acts  as  a  buffer  for  the  Co-Netic-type  foil. 
These  foils  are  exiiemely  thin  and  cannot  function  effective¬ 
ly  in  fields  that  approach  their  saturation  levels.  The  ex¬ 
treme  versatility  of  these  materials  should  help  the  engineer 
to  develop  many  applications  where  their  use  will  save  space, 
improve  si  goal -to-nol se  ratios,  and  considerably  reduce  inter¬ 
ference. 

(6)  Conductive  Surface  Coatings.  Eccoshield  and  its  equivalents 
are  highly  conductive  surface  coatings  specifically  formulat¬ 
ed  for  shielding  applications.  They  are  fine,  silver-based 
lacquors  that  adhere  excellently  to  metal,  plastic,  ceramic, 
wood,  and  concrete.  When  applied  to  a  nonconductor,  the  sur¬ 
face  resistivity  is  substantially  less  than  I  ohm/square  inch. 
Successlva  coats  further  decrease  the  surface  resistivity. 
Eccoshield  type  ES,  or  its  equivalent,  can  be  brushed  on  or 
sprayed.  These  coatings  are  often  used  to  improve  the  rf  in¬ 
tegrity  of  metal  housings  or  screen  rooms.  This  is  done  by 
applying  a  surface  coating  to  Joints,  seams,  and  contacting 
surfaces.  The  material  is  sufficiently  fluid  so  that  it 
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readily  flows  into  cracks.  Metal-to-metal  contact  is  improved 
significantly  by  applying  such  coatings.  The  surface  coating 
fills  slight  irregularities  and  makes  su-h  intimate  contact 
with  exposed  metal  that  even  corroded  joints  can  be  made  into 
greatly  improved  interference  seals.  Spraying  of  the  coating 
can  drive  the  silver  particles  into  crevices  and  other  hard-to- 
reach  places.  For  dilution,  or  as  a  cleanup  solvent,  methyl 
ethyl  ketone  (MEK)  may  be  used.  In  a  typical  shielded  box  or 
enclosure  of  complete  metal  construction,  application  of  Ecco- 
shield  ES^  or  its  equivalent^  to  afl  contact  surfaces  improves 
insertion  loss  by  a  value  of  about  30  db  over  the  frequency 
range  from  15  kc  10  10,000  me.  Improvement  is  greater  at  the 
high-frequency  end  of  this  frequency  spread.  Thin  coating 
material  such  as  Eccoshieid  ES  will  not  fill  gross  voids  at 
joints  or  seams:  a  caulking  compound  such  as  Eccoshieid  VXj or 
its  equivalent^  must  first  be  used  in  such  appl i cations.  When 
these  coatings  are  to  be  used  on  a  metaf  surface,  grease,  oil, 
wax,  paint,  dirt  and  other  nonconduct  I ve  films  must  first  be 
removed  with  a  solvent  or  cleansing  agent,  or  oy  grinding, 
buffing  or  machining  the  surface  to  be  coated.  When  electri¬ 
cal  contact  is  established  with  the  metallic  base,  the  coating 
is  applied  to  the  prepared  surface  by  bru^h  or  spray  The 
coating  should  air  dry  to  less  than  one  ohm  per-square-inch 
surface  resistivity  in  one  hour.  Additional  coats  can  be  ap¬ 
plied  as  desired  Some  of  the  conductive  surface  coating  and 
caulking  applications  are  i ! lustrated  on  figure  2-85  and  sum¬ 
marized  in  table  2-31.  The  conductive  caulking  compounds  have 
the  consistency  of  putty  and  can  be  applied  by  hand  or  with  an 
air-activated  gun.  The  thickness  of  deposition  is  easily  con¬ 
trolled.  Some  of  the  compositions  do  not  harden  or  set  and 
therefore  do  not  permit  joint  break  but  do  allow  flexibility; 
others  cure  to  a  hard  resin  surface  and,  still  others,  to  a 
rubbery  consistency.  Elevated  temperature  cures  can  be  used 
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and  are  recommended.  The  joint  should  be  meinteined  under' 
pressure.  Excess  compound,  squeezed  from  the  joint,  can  be 
recovered  and  reused.  Conductive  caulking  compounds  have 
some  adhesivity  but  should  not  be  relied  upon  to  hold  a  joint 
together.  Most  of  these  compounds  are  not  cements;  however, 
there  are  available  conductive  epoxys  with  great  holding  pow¬ 
er. 


CAULKING  COMPOUND  LAID 
UNDER  CHANNELS  BEFORE 
DRAWDOWN  TO  PREVENT 
HAIRLINE  CRACKS 


A.  VERTICAL  OR  H0RI20HTAL 
CORNER  OF  SHIELDED  ROOM. 


HARD  SETTING  EPOXY 


8.  CORNER  OF  EQUIPMENT  CABINET. 


CAULKING  COMPOUND 


C.  SHOW  AND  R.F.  TIOMT 
EXPANSION  JOINT. 


D.  FASTENER 

(WASHERS  CAN  ALSO  BE  USED) 
Figure  2-85.  Typical 


E.  TOP  COVER  OF 

EQUIPMENT  CABINET. 

IN 12 12-177 

Conductive  Caulking  Applications 
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TABLE  2-31.  CONDUCTIVE  SURFACE  APPLICATIONS 
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Section  V.  CABLING 


2-24.  General 

Interference  may  be  transferred  from  one  circuit  or  location  to  another 
by  interconnecting  cabling.  The  interference  may  be  radiated  from  a  cable 
or  transferred  into  a  cable  from  external  fields.  Once  interference  has 
been  transferred  by  radiation  or  common- impedance  circuit  elements  into  a 
cable  circuit  of  an  electronic  or  el«ctrical  complex,  it  can  be  conducted 
through  interconnecting  cables  to  other  elements  of  the  complex.  Also,  be¬ 
cause  of  cable  proximity  in  cable  runs  or  elsewhere,  intra-  and/or  inter¬ 
cable  crosstalk  may  occur  as  a  result  of  electromagnetic  transferrence  be¬ 
tween  .ables.  The  term  cabling  here  encompasses  proper  selection,  assembly, 
and  routing  of  cables,  connectors,  and  interconnecting  circuitry.  The  c c 
bles  may  be  of  the  commercially  available  type,  prefabricated  or  specially 
assembled  from  a  group  of  individually  insulated  conductors. 

2-25.  Cable  Shielding 

Electrical  cables  may  be  unshielded,  individually  shielded,  shielded  as 
pairs  or  groups,  or  shielded  as  a  whole  by  a  single  shield.  When  a  shield 
is  used,  it  generally  consists  of  a  braid  or  conduit.  The  purpose  of  sjch 
shielding  is  to  attenuate  radiated  interference.  Proper  care  should  be 
taken  during  installation  to  ensure  that  shielding  integrity  is  maintained. 
The  choice  of  cable  to  be  utilized  depends  upon  the  characteristic  imped¬ 
ance  desired,  amount  of  signal  attenuation  permitted,  environment  within 
which  the  cable  must  exist,  and  characteristics  of  the  signal  tc  '  3  trans¬ 
mitted.  Signal  isolation  between  different  cable  circuits  is  a  .unction 
not  only  of  cable  shielding  end  the  character  of  signals  being  '‘istributed, 
but  also  of  the  physical  separation  of  high-level  and  low-level  circuits. 

The  effectiveness  of  a  shield  is  a  function  of  the  conductivity  of  the 
metal,  contact  resistance  between  strands  In  the  braid,  angle  end  type  of 
weave,  strand  sizes,  percentage  of  coverage,  and  size  of  openings.  Multi¬ 
ple  layers  of  shielding,  separated  by  dielectric  materia]  (except  at  con¬ 
nectors),  are  much  more  effective  than  a  single  layer  of  shielding. 
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Although  leakage  power  may  be  a  very  small  percentage  of  transmitted  power, 
if  the  power  being  carried  by  a  cable  is  large,  this  percentage  might  rep¬ 
resent  a  considerable  interference  problem  to  low-level  circuits.  If  a 
nearby  circuit  is  resonant  at  or  near  the  transmitted  frequency,  a  small 
value  of  transmitted  power  may  give  difficulty. 

2-26.  Cable  Types 

«*.  The  principal  types  of  cables  that  are  available  include  unshielded 
single  wire,  shielded  single  wire,  sh i el ded  mul t i conductor ,  coaxial,  un¬ 
shielded  twisted-pair,  and  shielded  twisted-pair.  Cables  are  available 
with  both  single  and  multiple  shields,  in  many  different  forms,  and  with  a 
variety  of  physical  and  electrical  characteristics.  Proper  selection  and 
application  of  appropriate  cables  for  specific  design  requirements  are 
highly  important  in  preventing,  controlling,  and  eliminating  interfer j.nce. 

_b.  Shielded  cables  include  the  following  varieties: 

1)  Single  conductor,  single  shield 

2)  Double  conductor,  single  shield 

3)  Double  conductor,  each  conductor  individually  shielded 

k)  Double  conductor,  aach  conductor  Individually  shielded  and  in¬ 
sulated  with  an  outer  single  or  double  shield 

5)  Twisted  pair,  single  shield 

6)  Twisted  pair,  doubla  shiatd 

7}  Twisted  3~conductor,  with  single  or  double  outer  shield 

8)  Mul ti conductor  shielded 

9)  Coaxial  single  shielded,  double  shielded,  noise-free  coaxial, 
aljak  (aluminum  jacketed),  and  heliax 

10)  Tri axial 

11)  Cables  routed  through  solid  metallic  conduit 

12)  Armored  over  the  shield  and  jacket 
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£.  Cables  are  generally  specified  or  Identified  according  to: 

1)  Size 

2)  Characteristic  impedance 

3)  Attenuation 

k)  Shielding  (single,  double,  triple) 

5)  Power  rating 

6)  Maximum  operating  voltage 

7)  Type  of  jacket  (standard  black,  standard  gray,  low-temperature 
black,  polyethylene,  fiberglass,  or  armor) 

8)  Type  of  dielf ctric  (for  example,  polyethylene  or  teflon,  solid 
ot  spiral  ribbon,  pressurized  or  unpressurized) 

2-27.  Frequently  Used  Cables 

a.  Low-Temperature  Black  Jacket  Cable.  The  low-temperature  black  jack¬ 
et  cable  was  developed  for  low-temperature  applications.  The  cable  is 
black  in  color,  with  white  ink  markings  or  conventional  impression  markings 
and  is  suitable  for  operation  between  temperature  limits  of  -kO*C  and  +8C°C 
It  is  relatively  weatherproof  and  impervious  to  most  mechanical  or  electri¬ 
cal  injury  or  abrasion. 

b.  Cray  Vlnvl  Jacket.  Cray  vinyl  jacket  cable  Is  similar  to  black 
jacket  cable  except  that  it  utilizes  a  resinous  plasticizer  jacket.  This 
cable  is  suitable  for  operation  between  temperature  limits  of  -25*C  and 
+80*C. 


c.  Polyethylene  Jacket  Cable.  Polyethylene  jacket  cables  are  usually 
thin  in  jacket  cross  section;  they  are  used  mainly  for  indoor  applications. 
They  are  not  recommended  for  outdoor  use  because  of  poor  abrasion  resis¬ 
tance,  and  because  polyethylene  is  unstable  under  ultra-violet  light.  Oft¬ 
en,  the  polyethylene  jacket  is  pigmented  dark  brown  to  filter  out  the  sun's 
rays.  Some  commercial  cables  utilize  heavy  jackets  of  brown  polyethylene 
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which  give  added  abrasion  resistance  as  well  as  resistance  to  the  sun's 
ultra-violet  rays.  This  heavy-type  cable  is  suitable  for  operation  be¬ 
tween  temperature  limits  of  -l*0*C  and  +80*C. 

d.  Fiberglass  Jacket.  A  fiberglass  jacket  is  braided  around  the  cable. 
It  was  developed  because  I ow-temperature  vinyl  and  polyethylene  plastic 
jackets  cannot  be  used  for  high-temperature  teflon  dielectric  cables. 

The  fiberglass  braid  is  impregnated  with  four  coats  of  h i gh-temperature 
silicone  varnish  to  seal  it  against  moisture  and  to  keep  the  braid  from 
fraying.  It  is  suitable  for  operation  between  temperature  limits  of  — 55* C 
and  +250°C. 

e.  Special  Noise-Free  Cable.  Special  noise-free  cables  fulfill  the 
need  for  coaxial  cables  that  remain  electrically  neutral  under  conditions 
of  shock  and  vibration.  The  reduction  of  inherent  noise  is  achieved  for 
these  cables  by  appl  i  cat  ion  of  a  smi  conductive  coating  over  the  dielec¬ 
tric. 


f .  A! jak.  Aljak  cable  has  a  seamless,  extruded,  noncontaminating 
aluminum  jacket  swaged  over  either  teflon  or  polyethylene  dielectric  in¬ 
stead  of  the  usual  vinyl  jacket.  Aljak  features  lower  attenuation,  small¬ 
er  outside  diameters,  and  more  than  30%  less  weight  than  corresponding 
RG-/U  types.  Aljak  is  frequently  used  in  applications  requiring  a  perma¬ 
nent  run  of  lightweight,  rugged,  completely  weatherproof  coaxial  cable. 

g.  Hel lax.  Hal  lax  is  a  gas-pressurized,  large-diameter,  flexible, 
air  dielectric  coaxial  cable  having  high  power-handling  capabilities 
coupled  with  very  low  loss  and  low  VSWR.  It  has  a  spiral  polyethylene 
dielectric  strip  wrapped  around  a  hollow  inner  conductor  tube^ and  an  out¬ 
er  conductor  consisting  of  a  flexible  metal  sheath.  The  outer  sheath 
conductor  is  formed  of  corrugated  copper-clad  steel,  which  is  first 
wrapped  around  the  inner  conductor  assembly  and  then  welded.  The  outer 
conductor  is  covered  with  tar  and  crepe  filler  and  enclosed  in  a  vinyl 
jacket.  The  high  efficiency  of  hel iax  cable  results  from  special  spiral 
polyethylene  insulation  construction;  this  construction  permits  a  high 
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percentage  of  air  in  the  space  between  inner  and  outer  cable  conductors 
and  results  in  an  average  dielectric  constant  of  less  than  1.2.  Because 
the  cable  is  produced  by  a  continuous  process,  there  are  no  joints.  The 
inner  conductor,  outer  conductor,  and  spiral  insulation  are  continuous 
throughout  the  capie  length  —  resulting  in  low  VSWR  and  low  insertion 
loss.  The  insertion  loss  of  a  typical  100-foot  length  of  heliax  ranges 
from  0.7  db  at  30  me,  to  5  db  at  10,000  megacycles. 

h.  Triaxial  Cable.  Triaxial  cable  is  manufactured  by  placing  a  high- 
quality  shield-braid  over  the  jacket  of  standard  coaxial  cable,  and  then 
extruding  a  full  thickness  of  vinyl  jacket  over  all  to  provide  necessary 
weatherproofing.  An  important  use  for  triaxial  cable  is  in  test  signal 
distribution  systems,  where  it  is  necessary  to  provide  additional  shield¬ 
ing  to  minimize  cross-cable  interference. 

I .  Metal  Armor  Cable.  Metal  armor  is  used  over  cable  jackets  for  cer¬ 
tain  applications  where  the  abrasion  resistance  of  vinyl  is  insufficient, 
or  where  additional  cable  protection  is  required  because  of  environmental 
factors. 

i .  Commercial  Coaxial  Cables.  Commercial  coaxial  cables  or  the  RG/U 
series,  most  frequently  used  in  the  50-ohm  character  istic  Impedance  range, 
are;  RG-8A/U,  single  shield;  RG-9B/U,  double  shield;  nti-177/d,  double 
shield;  RG-59B/U,  single  shield;  and  RG-55B/U,  double  shield.  For  short, 
lov-power,  interconnecting  equipment  cables  where  line  loss  is  not  impor¬ 
tant,  small  RG-55B/U  and  RG-59S/U  cables  should  be  used.  Where  high  ra¬ 
dio  frequencies  or  medium  powers  are  Involved,  and/or  where  line  losses 
become  important  (such  as  within  extremely  low-level  circuits,  within  an¬ 
tenna  circuits,  or  within  tong  cable  runs),  medium-sized  RG-8a/U  and 
RG-96/U  cables  should  be  used.  Where  high  powers  are  Involved,  or  ex¬ 
tremely  low-line  losses  are  Important,  the  large-sized  RG-I77/U  cable 
should  be  used.  For  some  interconnecting  equipment  applications,  partic¬ 
ularly  for  pulse  transmission,  it  is  necessary  tn  use  a  coaxial  cable  with 
low  capacitance  and  high  impedance.  In  such  instances,  the  small -si zed 
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RG-62B/U  cables,  RG- 7 1 B/U  cables,  or  medium-sized  RG* -3B  cables,  which 
have  a  character i st ic  impedance  in  the  93-ohm  range,  should  be  used. 

k.  Flexible  Condu! t.  flexible  conduits  for  high-  and  low-voltage 
shielding  usually  consist  of  fie  ‘ible  metal  hoses  over  which  are  wound 
one  or  more  layers  of  braid.  Nonconducting  coverings  are  sometimes  used 
over  the  braid.  These  coverings  provide  watertightness  and/or  added 
mechanical  protection.  If  applied  tightly,  they  nay  decrease  contact  re¬ 
sistance  between  wires  comprising  the  braid,  tnereby  improving  shielding 
effectiveness.  Such  coverings  should  be  reasonably  rugged  and  not  sub¬ 
ject  to  physical  and  chemical  attack  by  substances  with  which  they  come 
into  contact.  They  should  maintain  their  desirable  che-  tics  over 

the  anticipated  range  of  operating  temperatures.  Shielded  condui  is 
used  for  many  diversified  purposes,  such  as: 

1)  To  shield  wires  and  cables  electrically  that  would  otherwise 
radiate  interference 

2)  To  provide  a  channel  through  which  wires  and  cables  may  be 
pulled  or  pushed  for  installation  or  replacement  in  inacces¬ 
sible  places 

3'  To  protect  insulated  wires  and  cables  against  mechanical  damage, 
for  example,  chafing  and  abrasion 

k)  To  keep  foreign  matter  (moisture,  oil,  grease,  gasoline)  away 
from  slectrical  conductors  or  their  insulation 

5)  To  facilitate  dissipation  of  heat  for  protection  of  insulation 

To  be  effective,  a  flexible  shiei  ling  conduit  should  be: 

l)  An  effective  shield  against  electrical  interference  over  the 
entire  range  of  frequencies  under  consideration 

2)  Reasonably  flexible  and  capabl e  of  being  bent  to  a  small  radius 

3)  Rugged  enough  to  wi til  stand  considerable  abuse  and  prolonged  vi¬ 
bration  without  serious  impairment  of  either  its  electrical  or 
mechanical  properties 
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4)  Watertight  and  airtight.  The  coverings  i-sed  with  it  should  be 
immune  to  attack  f'om  :ubricants,  .oolants,  anti  freeze  and 
fuel  s 

5)  Capable  of  withstanding  ambler.:  temperatures  likely  to  be  en¬ 
countered 

2-28.  Cable  Connectors 

a.  Cable  connectors  are  made  in  many  styles  for  a  multitude  of  power, 
signal,  control,  instrumentation,  transducer,  audio,  video,  pulse,  and 
radi o-f requency  applications.  They  are  made  to  fulfill  special  functions, 
and  may  be  required  to  be  hermet leal  I y  sealed,  submer s i on  proof,  and  weath¬ 
erproof.  They  are  manufactured  in  the  straight  type,  angle  type,  screw-or 
type,  bayonet  twist  and  lock  type,  bayonet  screw-on  type,  barrier  type 
straight  plug-in  type,  and  puth-on  type  (table  2-32). 

2-29*  Cable  Application 

a.  The  choice  of  cable  is  dictated  by  the  operating  signal  or  power 
level,  frequency  range,  susceptibility  level,  and  phy;ical  isolation. 

Whi  e  it  is  not  feasible  to  set  specific  rules  for  cable  selection  with¬ 
out  making  an  analysis  of  signal  levels  and  waveforms,  the  following  gen¬ 
eral  ~ules  are  suggested: 

1)  Use  unshielded  wire  for  external  power  circuits  (such  as  115 
vac,  28  vdc) 

2)  Use  shielded  wire  for  mul tiole-ground,  audio  frequency,  or 
power  ci rcui t s 

3)  Use  twisted-pair  for  audio- frequency  circuits  grounded  at  a 
single  point  and  for  internal  power  circuits 

4)  Use  shielded  twisted-pair  for  single-point  ground  circuits  and 
multiple-ground  circuits  where  maximum  I ow-f requer ~y  isolation 
is  required 
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TABLE  2-32.  CONNECTOR  APPLICATION  SUMMARY 


Connec¬ 

tor 

Series 

Coax i a  1 
Cab!  e 

S  i  ze 

For  RG-/U 
Cabl es 

■kHBHB 

Vo! tage 
Rati  ng 

Character¬ 

istic 

Impedance 

6req, 

Range 

Method  of 
Assembl y 

N 

Medi um 
&• 

Large 

5, 6,8, 9, 
10,11,12, 
13,14,17, 

18 

Screw- 

on 

type 

B 

50  ohm 

70  ohm 
(constant) 

up  to 

1 0  kmc 

Manual 

GR-8  74 

Medi um 

& 

Large 

8,9,29,55, 
58.58A, 59, 
62,116 

Push- 

on 

type 

1500  V 
peak 

50  ohm 

up  to 

7  kmc 

Manual 

c 

Med i um 
& 

Sma  1  1 

8,9,10,12, 
W,  55,58 

Bayonet 

Lock 

type 

1000  V 
peak 

50  ohm 

_ 

Manual 

UHF 

Med  i  ufn 

fr 

Sma  I  1 

8,9,10,11 , 
12,13,55, 
58,62,63, 
65,71 

Screw- 

on 

type 

B 

(noncon¬ 

stant) 

up  to 
200  me 

Manual , 

LC 

Large 

17,18 

1 

K3§if 

3000  V 
peak 
(modi¬ 
fied  to 
10  kv) 

50  ohm 

I 

| 

Manual 

BN 

Medium 

& 

Large 

8,9,10,17, 

18 

1 

Screw- 

on 

type 

5000  V 
peak 

50  ohm 
(constant) 

--  - 

Manua 1 

BN 

i 

Smal  1 

55,58,59, 

62,71 

Screw- 

on 

type 

a 

(noncon¬ 

stant) 

up  to 
200  me 

M,mua  1 

6NC 

Sma  1  1 

55,58,59, 

62,71 

Bayonet 

1  ock 
type 

250  V 

p^ak 

50  ohm 
(constant) 

up  to 

1 0  kmc 

Manual  5- 
Crimp -on 

Subm i n- 
i a  t  ura 

Submin¬ 

iature 

174 

Screw- 

on  & 

Push -on 
types 

50  ohm 

75  ohm 
(constant) 

I 

1—  -  J 

Crimp  -or. 

2-183 


5)  Use  coaxial  cable  for  transmission  of  rf  pulses,  high-frequen¬ 
cy  applications,  and  where  impedance  match  is  critical 

6)  All  twisted  circuits  should  be  single-point  grounded 

Single-conductor,  single-shield  cable  should  be  used  for  low-frequency  in¬ 
strumentation  applications  utilizing  ground  circuits.  It  is  effective 
when  signals  to  be  transmitted  are  of  moderate  levels,  and  a  good  low-im¬ 
pedance  system  ground  is  available.  The  double-conductor,  single-shield 
cable  is  frequently  used  for  single-ended,  low-frequency  instrumentation 
applications.  It  is  effective  at  low  signal  levels  and  does  not  require 
as  good  a  system  ground  as  does  the  single  conductor  cable  (as  long  as  it 
:s  utilized  single  ended). 

b.  Use  of  one  of  the  two  wires  of  a  twisted-pair  cable  for  a  circuit 
return  lead  affords  a  reduction  in  interference  radiation  because  the 
low-frequency  fields  produced  by  the  two  leads  cancel  each  other.  The 
degree  of  cancellation  is  greater  for  twisted-pair  cable  than  it  is  for 
straight  double  conductor.  Twisted-pair  conductors,  both  shielded  and 
unshielded,  are  effective  in  reducing  interference  from  magnetic  coupling. 
For  example,  twisting  ac  power  distribution  leads  reduces  the  magnetic 
field  surrounding  the  wires,  thus  reducing  pickup  in  circuits  lying  with¬ 
in  the  field.  Where  a  signal  loop  is  linked  by  an  interfering  magnetic 
field,  pickup  is  reduced  by  twisting  the  signal  wire  with  the  ground  re¬ 
turn  wire.  Twisting  is  effective  In  reducing  pickup  interference  from 
three-phase  power  wiring  and  in  three-wire  circuits,  such  as  those  used 
in  servo  wiring.  Whan  a  twisted  pair  is  being  used,  each  lead  of  the 
pair  should  be  tested  to  determine  the  lead  combination  that  produces 

the  least  pickup  voltage. 

c.  Mul ti conductor  shielded  cables  are  generally  of  two  types.  One 
type  contains  a  large  bundle  of  individually  shielded  single-conductor 
lines  used  tc  complete  a  number  of  low-level  circuits.  For  the  individ¬ 
ual  shields  within  this  cable  type  to  provide  maximum  effectiveness,  it 
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is  essential  that  each  be  individually  insulated.  The  other  cable  type 
contains  a  single  shield  over  a  large  bundle  of  insulated  wires;  this  ca¬ 
ble  type  is  generally  used  for  transmission  of  control  signals.  The 
shielding  primarily  reduces  crosstalk  transfer  from  the  shielded  control 
cable  into  adjacent  signal  cables. 

_d.  An  unshielded  cable  may  be  effectively  changed  into  a  shielded  ca¬ 
ble  by  routing  it  through  continuous  metallic  conduit.  This  routing  is 
frequently  done  in  power  distribution  systems.  For  economical  reasons, 
the  conduit  is  generally  of  aluminum;  but  from  the  standpoint  of  shield¬ 
ing  high-level  power  circuits,  galvanized  steel  conduit  is  more  effective 
at  power  frequencies. 

e.  The  proper  installation  of  cables  is  essential  if  interference  dif¬ 
ficulties  are  to  be  avoided.  Assuming  proper  grounding  techniques  have 
been  employed,  the  following  are  suggested  as  guidelines  for  good  signal 
cabl e  practi 'e: 

1)  Shields  should  not  be  used  for  signal  return  circuits 

2)  Ail  signal  circuits,  including  signal  ground  returns,  should 
be  individually  shielded  and  have  insulating  sleeves  or  cover¬ 
ings  over  the  shields.  Balanced  signal  circuits  should  use 
twisted  pair  or  a  balanced  coaxial  line  with  a  common  shield. 
Where  mul ti conductor  twisted  pair  cables^  that  have  individual 
shields  as  well  as  a  common  shield  are  used,  all  shields 
should  be  insulated  from  one  another  within  the  cable 

3)  Coaxial  cables  should,  in  all  cases,  be  terminated  in  their 
characteristic  impedance 

4)  On  shielded  cables  in  harnesses,  where  a  common  shield  ground 
must  be  utilized,  a  clamp  or  heavy  conductor  (halo)  should  be 
used  to  ground  all  shields  to  the  connector  body.  This  should 
be  done  In  addition  to  connecting  the  shields  to  ground  through 
one  or  more  connecter  pins 


2-185 


5)  Coaxial  c  bles  carrying  high-level  energy  should  not  be  bundled 
with  unshielded  cables  or  shielded  cables  carrying  low-level 
signals.  Although  the  characteristic  impedance  of  a  cable  or 
signal  circuit  should  normally  be  quite  low,  the  shield-circuit 
impedance  may  become  appreciable  if  the  shield  becomes  open  end¬ 
ed,  or  electrically  long.  This  reduces  shielding  effectiveness 

6)  Shields  should  be  grounded  on  both  sides  of  a  connector  to  avoid 
discontinuity.  If  this  is  not  possible,  the  shield  should  be 
carried  across  the  connector  through  a  connector  pin 

7)  Grounding  a  number  of  conductor  shields  by  means  of  a  single 
wire  to  a  connector  ground  pin  should  be  avoided,  particularly 
if  the  shieid-to-connector  or  connector-to-ground  lead  length 
exceeds  one  inch,  or  where  different  circuits  that  may  interact 
are  involved.  Such  a  ground  lead  is  a  common- impedance  element 
across  which  interference  voltages  can  be  developed  and  trans¬ 
ferred  from  one  circuit  to  another 

Great  care  must  be  taken  at  connectors  if  impedance  characteristics  and 
shielding  integrity  are  to  be  maintained.  A  shielding  shell  should  be 
used  to  shield  the  individual  pins  of  a  connector;  a  wel I -designed  con¬ 
nector  has  a  shielding  shell  enclosing  its  connecting  points  (fig.  2-86). 

The  shell  of  multipin  connectors  should  be  connected  to  the  shield.  Co¬ 
axial  lines  should  terminate  in  shielded  pins.  The  use  of  pigtail  connec¬ 
tions  for  coaxial  lines  is  undesirable  since  >t  permits  rf  leakage. 

2-30.  Cable  Shield  Grounding 

a.  Each  shield  circuit  should  be  carried  individually;  each  should  be 
electrically  continuous  and  grounded  at  both  ends.  In  the  case  of  long 
cable  shield  runs,  bonding  of  shields  at  intermediate  terminals,  or  loca¬ 
tions,  is  advisable  to  reduce  impedance  of  the  shields  to  ground,  thereby 
rendering  the  shielded  circuits  less  susceptible  to  radiated  or  induced 
interference.  Individual  shields  should  not  be  el ectri cal  1 y  joined  togeth¬ 
er  so  that  one  shield  carries  the  rf  currents  of  another.  To  obtain  maximum 
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rf  shielding  from  shielded  wires  or  coaxial  lines,  it  is  necessary  to 
bond  them  effectively  to  the  ground  plane.  For  a  I ow- impedance  rf 
connection,  the  shortest  length  of  connecting  strap  or  jumper  that  is 
mechanically  practical  should  be  used,  and  the  bonding  procedures  out¬ 
lined  in  section  3  of  this  chapter  should  be  followed.  If  coaxial  ca¬ 
bles  are  used  to  transmit  rf  signals,  they  should  be  grounded  at  bo.n 
the  sending  and  receiving  ends.  Nornal  coaxial  connectors  are  adequate 
for  this  purpose;  pigtail  connections  should  be  avoided.  In  applica¬ 
tions  where  twisted-pair  cables  are  used,  the  shield  should  be  grounded 
at  each  end,  and  the  circuit  return  path  should  be  floating  (single¬ 
point  grounding).  Bonding  and  grounding  techniques  employed  should  com¬ 
ply  with  applicable  MIL  Standards  of  Good  Installation  Practice. 


Figure  2-86.  Connector  With  Shielding  Shell  Enclosure  For 
Connecting  Points 

b.  Both  multipoint  and  single-point  ground  systems  offer  singular  de¬ 
sign  features.  When  electronic  and  electrical  systems  are  distributed 
over  a  large  area,  multipoint  shield  grounding  is  superior  for  interfer¬ 
ence  control.  Further,  the  multipoint  approach  allows  short  ground  con¬ 
nections,  provides  a  low  impedance  ground  plane  between  system  ntertie 
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points,  permits  a  low  Impedance  ground  return  circuit,  and  improves  the 
effectiveness  of  filter  installations.  Whi le  mul tipi  e-ground  circuits 
are  recommended  for  rf  appl ications,  there  are  some  circumstances,  pri¬ 
marily  in  low-frequency,  low-level  work  with  audio  or  servo  amplifiers, 
in  which  single-point  grounding  is  necessary.  When  a  shielded  cable  in 
a  sensitive  circuit  is  grounded  at  both  ends  for  the  return  circuit, 
power-frequency  currents  in  the  ground  plane  can  induce  audio-frequency 
interference.  Therefore,  single-point  grounding  may  be  the  best  ap¬ 
proach  where  large  ac  currents,  flowing  in  the  ground  plane,  may  couple 
into  extremely  sensitive  low-frequency  circuits  (fig.  2-*-87)  -  To  pro¬ 
vide  extra  protection,  a  shielded,  twisted  pair  should  be  used  (fig. 

2-88)-  The  shield  should  be  grounded  at  both  endsj  the  signal  rr'urn 
lead,  however,  only  at  one  end.  Because  of  multiple  grounding  of  <  j 
shield,  magnetic  fields  may  be  coupled  into  the  shield  by  conduction  or 
induction.  The  twisted  leads  reduce  magnetic  susceptibility  because  of 
field  cancellation. 

£.  Serious  Interference  problems  arise  when  shielded  wires  or  co¬ 
axial  cables  are  not  properly  terminated  at  (the  connector.  It  is  im¬ 
portant  that  the  connector  be  properly  grounded.  The  direct  bond  for 
this  ground  can  be  achieved  by  maintaining  clean  metal -to -metal  contact 
between  the  connector  and  equipment  housing.  In  those  cases  where  a 
large  number  of  individual  shields  from  shielded  wires  must  be  connected 
to  ground,  it  is  recommended  that  tha  halo  technique  be  used.  The  ex¬ 
posed  unshielded  leads  should  ba  as  short  as  physically  possible  to  re¬ 
duce  electrical  coupling  betwean  conductors.  Interference  is  caused 
when  a  shielded  cable  Is  run  Into  a  completely  sealed  box,  but  is  ground¬ 
ed  internally.  Tha  corract  way  to  Install  a  shielded  rf  cable  is  to  run 
the  shield  well  inside  the  connector  and  bond  it  around  the  connector 
shell.  The  arrows  on  figure  2-89  show  the  path  that  any  signal  or  in¬ 
terference,  that  is  picked  up  on  the  outer  surface  of  the  shielding, 
must  follow  to  return  to  ground.  The  currents  around  the  loop  generate 
a  field  in  the  enclosed  box,  as  do  coupling  loops  used  with  resonant 
cavities.  Figu  s  2-90  illustrates  the  correct  method  of  introducing 
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Figure  2-87*  Power  Frequencies  Coupled  Into  Low-Level  C» 
Using  Multipoint  Shield  Grounds 


shielded  cables  into  a  box  where  shielding  must  be  maintained.  Inter¬ 
ference  currents  may  be  carried  when  a  shielded  rf  cable  entering  an 
enclosure  has  its  shield  stripped  back  to  form  a  grounding  pigtail. 

Such  pigtails  should  therefore  be  avoided.  If  it  is  absolutely  neces¬ 
sary  to  use  a  pigtail,  it  should  be  kept  as  short  as  possible  and 
soldered  to  provide  a  ground  without  breaking  the  shield.  The  pigtail 
should  also  maintain  continuity  of  the  shield  (through  a  pin  in  the 
connector)  to  a  continuation  cf  the  shield  inside  the  enclosure.  The 
cable  rf  shield  is  a  part  of  the  complete  shielding  enclosure  and  should 
have  no  openings  (fig.  2-91). 


d.  During  initial  design  stages,  consideration  should  be  given  to 
proper  location  of  equipment  and  wiring  to  minimize  interference  coupl¬ 
ing  between  transmission  paths.  Many  interference  problems  are  elimi¬ 
nated  by  suitable  physical  arrangement  of  individual  components  and 
equipment.  Sensitive  equipment  should  be  kept  as  far  as  possible  from 
units  that  may  be  sources  of  electrical  interference.  Cabinet  panels 
or  partitions  should  be  used  to  separate  or  shield  these  components. 
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Power  leads,  control  wiring,  and  other  cabling  to  sensitive  equipment 
should  not  be  close  to  any  Interference  source,  or  leads  that  may  be  car¬ 
rying  Interference  because  of  the  Inductive  coupling  that  can  exist  be¬ 
tween  wires.  The  bundling  of  several  leads  together  should  also  be 
avoided  because  of  the  possibility  of  Interference  coupling.  If  it  i. 
necessary  for  sensitive  signal  leads  to  pass  near  Interference-carrying 
leads,  relative  orientation  should  be  as  nearly  at  right  angles  as  pos¬ 
sible  to  minimize  the  coupling  effect.  The  distribution  of  power  through 
multiple  lines,  from  a  primary  power  source  to  the  components  of  a  piece 
of  equipment.  Is  recommended  to  reduce  component  interaction.  The  signal 
circuits  should  be  separated  from  ac  power  circuits  and  any  other  circuits 
that  can  transfer  Interference  to  them. 

e.  The  use  of  shielded  hookup  wire  for  susceptible  leads  inside  a 
chassis  helps  to  prevent  Interference  signals  from  flowing  to  external 
leads  where  they  can  be  radiated.  Shielded  hookup  wire  acts  as  a  lossy 
transmission  line  at  high  frequencies  and  Introduces  considerable  attenua¬ 
tion  in  addition  to  the  bypassing  effect.  in  using  shielded  wiring,  the 
shield  braid  at  the  ends  where  connections  have  to  be  made  should  be  pared 
back  for  minimum  length  to  keep  the  shielding  as  complete  as  possible.  The 
ends  of  the  shielding  should  be  connected  directly  to  the  chassis.  The 
shielding  should  be  bonded  to  the  chassis  at  convenient  points  along  the 
length  of  the  lead.  Leads  that  run  side  by  side,  or  cross  over  each  other, 
should  nave  their  shields  bonded.  When  leads  come  to  an  outlet  for  exter¬ 
nal  connections,  the  Inner  wires  should  be  capacitor-bypassed  to  tn*. 
chassis  with  the  shortest  possible  leads.  This  bypassing  help*  to  destroy 
resonances  in  the  wiring  and  also  helps  to  short-circuit  any  harmonics. 

The  bypass  capacitors  should  not  be  too  large,  usual  values  being  appioxl- 
mately  500  micromicrofarads. 

Electric  plugs  and  receptacles  are  usually  mounted  on  tha  front 
and/or  rear  of  the  equipment  chassis,  or  on  the  mounting  base,  if 
electri;  receptacles  are  on  the  front  of  the  case,  the  plugs  should 
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be  separate  units.  Shield  grounds  should  be  made  in  accordance  with 
figure  2-92  A.  If  electric  plugs  and  receptacles  are  placed  at  the 
rear  o*  the  case,  at  least  one  unit  should  be  securely  attached  to  the 
case  or  chassis;  the  other  should  either  be  separate  or  securely  at¬ 
tached  to  the  mounting  base.  Shield  grounds  should  be  made  in  accord¬ 
ance  with  figure  2-92  B.  Two  poor  methods  of  grounding  cable  sh'elds 
are  shown  on  figure  2-93*  These  methods  are  not  recommended  because 
their  use  permits  interfering  signals  to  enter  the  equipment.  In  cases 
where  a  common  shield-ground  must  be  employed,  such  as  on  mul ti shielded 
cables,  or  in  harnesses  having  a  large  number  of  individually  shielded 
circuits,  a  clamp  or  bus  should  be  used  to  ground  all  shields  to  the 
connector  body,  in  addition  to  grounding  them  through  one  or  more  of 
Lhe  connector  pins.  This  common  ground  should  be  avoided  when  the 
shield-to-connector  or  connector-to-ground  lead  length  exceeds  one  inch 
or  when  current  circuits  that  may  interact  are  involved.  To  prevent 
discontinuity  of  the  shield  because  of  possible  disconnect  at  intermedi 
ate  connectors,  shields  should  be  grounded  to  the  structure  on  both 
sides  of  the  connector.  Where  this  is  not  possible,  the  ground  should 
be  carried  across  the  connector,  or  through  a  conductor  pin,  to  ensure 
conti nui ty. 

2-31.  Cable-Shield  Bonding 

a.  Shields  should  be  terminated  no  further  then  0.25  inch  from  the 
ends  of  the  lines  they  are  shielding.  Bonding  halos  or  interlacing 
straps  should  be  used  to  terminate  the  shields  and  to  minimize  the  im¬ 
pedance  of  the  shield  termination  (figs.  2-9*+  and  2-95) *  Sniclds 
should  be  connected  to  the  ground  plane  by  1.5  inches  or  less  of  0.25- 
or  0.5-inch  wide  tin-plated  copper  strap.  Tht  halo  technique  is  ac¬ 
ceptable  only  when  a  few  wires  are  involved.  The  Interlacing  strap 
method  should  be  jsed  for  a  common  shield  ground  in  mul ti shielded 
cables  or  in  harnesses  that  have  a  large  number  of  individual  shields. 
The  interlacing  strap  should  be  at  least  0. 25-inch  wide  by  0.012-inch 
tnick  anj  be  bonded  securely  to  the  connector  (fig.  2-96). 
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Figure  2-92.  Cable  Shield  Bonding 
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Figure  2-93*  Poor  Cable  Bonding 
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Figure  2-94.  Bonding  Ring  or  Halo  at  Connector  for  Terminating 
Shields  in  a  Harness 


Figure  2-95 •  Typical  Bonding  Halo  Appl ications 
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Figure  2-96*  Interlacing  Technique 

b,.  Coaxial  fittings  should  be  kept  tight  at  all  times  not  only  to  pro¬ 
vide  a  good  impedance  match,  but  to  eliminate  loose  connections  that  might 
result  in  possible  rectification  of  interference  energy  at  the  fittings. 
Shielding  or  bonding  clamps  that  may  be  a  part  of  the  fittings  should  also 
ba  kept  tight.  Soldered  fittings  are  recommended,  particularly  at  termina¬ 
tions  of  shielding  and  braid. 

£.  The  transfer  of  high-voltage  pulsed  energy  requires  considerable  at¬ 
tenuation  if  the  energy  Is  to  be  confined  within  the  desired  circuitry  with¬ 
out  waveform  distortion.  The  p*cblem  of  interference  from  high-voltage 
lines  can  be  eliminated  by  use  of  solid-copper  transmission  line*  or  tri- 
axial  cables;  however,  because  of  installation  problems  with  the  solid- 
copper  lines,  and  difficulties  encountered  in  long  runs,  triaxiai  cable  is 
usually  more  convenient  to  use.  In  a  typical  installation,  the  center  con¬ 
ductor  is  used  to  transmit  the  pulse;  the  first  shield  is  used  as  the  re¬ 
turn;  and  the  outer  shield  is  utilized  as  a  shield  (fig.  2-97). 
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Figure  2-97 •  Tri axial  Cable  Application 
2-32.  Cable  Routing 

a.  Crosstal k .  Crosstalk  occurs  when  signal  information  being  carried 
by  one  cable  or  circuit  is  coupled  into  adjacent  circuits.  Crosstalk  is 
a  function  of  the  type,  frequency,  level,  and  rate  of  change  of  a  signal 
circuit  source;  level  of  the  signal  within  the  circuits  experiencing  in¬ 
terference;  circuit  impedances  and  match;  and  the  degree  of  Isolation  be¬ 
tween  cable  circuits,  isolation  includes  that  afforded  both  by  physical 
separation  and  by  proper  shielding.  Crosstalk  comprises  signal  informa¬ 
tion  coupling  induced  by  both  magnetic  and  electric  fields.  Electric 
field  coupling  is  a  function  of  capacitance  between  conductors;  magnetic 
field  coupling  is  a  function  of  mutual  inductance  between  conductors. 

The  inductive  coupling  between  two  wires  depends  upon  the  amount  of  flux 
linkage  between  them;  the  coupling  between  straight  wires  varies  as  the 
cosine  of  the  angle  between  them.  Thus,  if  it  becomes  necessary  for  sig¬ 
nal  leads  to  pass  near  interference  carrying  leads,  they  must  always  be 
as  nearly  at  right  angles  to  one  another  as  possible.  The  amount  of 
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crosstalk  present  in  a  mu) t i conductor  cable  is  determined  by  the  particu¬ 
lar  cable  application.  The  application  determines  the  geometry  of  the  ca¬ 
ble  and  such  details  as  whether  the  conductors  are  to  be  parallel,  paired, 
twisted,  or  shielded.  In  determining  the  geometry  of  the  cable,  proper 
physical  grouping  or  routing  of  conductors  can  reduce  crosstalk  coupling 
through  minimizing  capacitive  and  inductive  effects.  In  the  routing  of 
circuits,  high-level,  low-level,  and  pulse  circuitry  should  be  kept  sepa¬ 
rate.  This  physical  isolation,  or  separation,  should  be  maintained  within 
interunit  cabling  by  routing  each  type  of  signal  through  a  different  ca¬ 
ble.  To  reduce  mutual  coupling,  cables  should  be  separated  from  one  anoth¬ 
er  and  routed  away  from  interference  sources  and/or  susceptible  equipment. 
Physical  separation  between  various  circuits  and  cables  is  necessary  be¬ 
cause: 

1)  Low-level  circuits  are  generally  susceptible  to  crosstalk  in¬ 
terference  from  high-level  ac  and  pulse  circuits 

2)  Pulse  circuits  radiate  impulse-type  interference  and  generate 
strong  varying  magnetic  fields  which  easily  transfer  to  other 
ci rcui ts 

3)  High-level  dc  circuits,  when  unshielded,  can  induce  transients 
into  adjacent  circuits  and  cables 

4)  High-level  ac  circuits  and  cables  become  radiating  interference 
sources  for  nearby  circuits  and  cables 

A  typical  installation  employing  many  of  the  proper  cabling  methods  dis¬ 
cussed  is  shown  on  figure  2-98.  In  some  Instai lations,  rows  and  tiers  of 
cable  travs  are  utilized  to  facilitate  the  desired  physical  cable  separa¬ 
tion.  Oetailed  planning  is  required  prior  to  installation  to  ensure  that 
the  best  overall  physical  circuit  and  cable  routing  is  achieved. 
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Figure  2-98.  Typical  Cebl ing  Methods 
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b.  Circuit  Coupling  Effects.  Circuits  may  be  coupled  by  either  mutu¬ 
al  impedance  or  mutual  admittance.  These  mutual  elements  may  be  resis¬ 
tances,  capacitances,  inductances,  or  any  series  or  parallel  combination 
of  these  elements.  The  degree  of  coupling  can  be  greatly  reduced  by  pro¬ 
per  bonding  and  shielding.  The  mutual  impedance  of  a  common  ground  re¬ 
turn,  which  can  result  from  inadequate  bonding,  may  become  a  major  source 
of  interference.  Unless  there  is  perfect  shielding,  there  is  always  ca¬ 
pacitance  to  metallic  objects  that  will  provide  a  return  path  for  rf  cur¬ 
rent  through  one  of  the  circuits.  Whenever  there  is  a  direct  connectior 
and  return  path  between  two  circuits,  a  conduction  current  may  flow  be¬ 
tween  the  circuits.  The  return  path  may  be  another  metallic  lead,  a  mutu 
al  capacitance,  or  a  common  ground  return.  The  magnitude  of  the  result¬ 
ing  current  depends  on  the  potential  difference  between  points  ot  entry 
and  exit  in  the  exciting  circuit  and  the  total  loop  impedance  between 
these  two  points. 

(I)  Radiation  Coupling.  Radiation  coupling  will  vary  considera¬ 
bly  with  the  path  configuration  and  the  frequency  of  the  sig¬ 
nal  being  transmitted.  Generally,  the  degree  of  coupling  in¬ 
creases  as  frequency  increases.  Such  an  increase  may  also 
result  from  Increased  antenna  efficiency  because  any  length 
of  wi ra  can  act  as  an  antenna  and  will  be  more  efficient  as 
Its  length  approaches  one-half  wavelength.  In  a  coaxial  ca- 
>  ble,  holes  in  the  braid  may  result  in  shunt  coupling  between 
the  braid  and  center  conductor  of  the  cable;  leakage  may  take 
place  by  wave  penetration  through  the  braid  of  the  cable 
shield.  Penetration  occurs  because  of  the  finite  resistivi¬ 
ty  of  braid  material  and  openings  in  the  shielding.  Leakage 
can  also  occur  at  the  cable  connector  because  of  poor  contact 
between  the  shield  and  the  connector.  It  is  difficult  to 
shield  against  magnetic  fields.  Magnetic  fields  are  a  prob¬ 
lem  primarily  at  low  frequencies,  where  the  field  appears  as 
a  low- impedance  source.  Little  reflection  from  the  shield 
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occurs,  and  reduction  of  the  field  must  be  accomplished  by 
absorption  in  the  shielding  material.  If  high-permeability 
material  is  used,  the  shield  will  act  as  a  low-impedance 
flux  path  and  will  divert  the  field.  The  shield  should 
therefore  be  of  high-enough  permeability,  or  of  sufficient 
thickness,  to  maintain  the  flux  densities  in  it  at  levels 
beiow  saturation.  An  insulating  sleeve,  or  covering,  over 
the  shield  of  a  cable  prevents  indiscriminate  or  intermit¬ 
tent  contact  between  shields, or  between  a  shield  and  a  struc¬ 
tural  ground  member.  This  contact  might  create  interference 
from  contact  potentials  or  permit  one  shield  to  carry  the 
shield  currents  of  another.  Precautions  should  be  taken  to 
prevent  the  exposed  portion  of  a  shield  from  intermittently 
contacting  another  uninsulated  portion  of  shielded  cable,  as 
might  occur  during  vibration.  This  can  be  done  by  rigidly 
tying  down  and  lacing  cables. 

(2)  Magnetic  Coupling.  The  largest  percentage  of  interference 

coupling  encountered  results  from  magnetic  coupling  —  energy 
transferred  from  one  circuit  to  another  through  mutual  induc¬ 
tance.  Current  flowing  in  a  wire  in  one  circuit  produces 
flux  which,  in  turn,  induces  voltage  in  a  second  circuit.  The 
voltage  induced  depends  upon  the  magnitude  of  the  current  pro¬ 
ducing  the  flux  field,  the  length  of  the  second  circuit,  the 
frequency  of  the  Interfering  signal,  and  the  distance  between 
the  two  circuits  (fig.  2-99).  Circuit  I  on  figure  2-99  repre¬ 
sents  the  circuit  causing  the  interference,  vrfiile  circuit  2 
represents  the  circuit  that  has  the  interference  voltage  in¬ 
duced  in  it.  Ij  is  the  current  that  is  producing  the  magnet¬ 
ic  field;  ZQI  and  7Q2  arc  the  source  impedances;  Zf  and  Z2 
represent  load  impedances;  eQ  is  the  Interfering  signal;  and 
Lm  is  the  mutual  inductance  between  the  circuits.  This  mutu- 
al  inductance  is  directly  proportional  to  the  length  for  which 
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the  circuits  ere  coincident  (K),and  inversely  proportional  to 
the  spacing  between  them  (d).  The  voltage  induced  in  the  sec¬ 
ondary  of  the  equivalent  transformer  is  proportional  to  the 
frequency,  the  mutual  inductance,  and  the  current  in  the  source 
circuit.  The  interference  voltage  is  the  induced  voltage  multi¬ 
plied  by  the  ratio  between  the  sensitive  circuit  load  and  the 
total  Impedance  of  the  secondary: 
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Any  change  in  circuit  parameters  or  configuration  th*  t  henges 
the  flux  linkages  changes  the  voltage  induced.  Inc  physical 
separation  of  the  circuits  reduces  voltage  by  louring  ihe 
flux  density  in  the  pickup  loop.  In  addition,  circuit  config¬ 
urations  can  be  employed  in  which  equal  and  opposite  self-can¬ 
celling  voltages  are  induced  in  the  circuit.  A'  frequencies 
below  5  kc,  s  twl  sLv-d*  pair  w!  1 1  provide  ovc  20  do  of  magnetic 
coupling  reduction,  while  copper  brard  shielding  will  provide 
practically  none.  Conventional  copper  braid  shielding  for  con¬ 
tainment  of  magnetic  fields  become',  more  effective  as  the  fre¬ 
quency  is  increased  above  5  kc.  Ferrous  shielding  increases 
the  shielding  effect  below  5  kc.  For  effective  magnetic  atcou- 
pling  throughout  the  spectrum,  twisted-pair  conductors  enclosed 
by  conventional  copper  braid  shield  are  usually  employed.  The 
shielding  effectiveness  of  copper  braid  is  less  than  1C  db  up 
to  20  kc;  it  increases  to  40  db  at  1  me,  and  to  100  d'  at  40  me. 
The  effectiveness  of  twisted-pair  wires  depends,  to  a  large  ex¬ 
tent. on  the  uniformness  and  tightness  of  the  twist  enjoyed; 
unshielded  twisted-pair  of  18  tums/foot  is  mere  effect*  e  for 
reducing  magnetic  coupling  than  is  shielded  twisted-pair  of  6 
turns/foot.  Table  2-33  gives  minimum  twi sts/foot  for  common 
conductors. 

(3)  Electrostatic  Coupling.  Electrostatic  coupling  occurs  when  a 
voltage  in  a  circuit  causas  a  currant  in  another  circuit.  The 
mechanism  of  the  coupling  is  through  the  mutual  capacitance  be¬ 
tween  the  circuits  (see  fig.  2-10(1).  Among  the  physical  factors 
that  determine  the  magnitude  of  the  interference  signal  are  the 

I 

proximity  of  the  wires,  the  length  of  their  common  run,  their 
distance  from  the  ground  plane,  the  frequency  of  the  source  sig¬ 
nal,  and  the  ratio  of  the  impedances  in  the  two  circuits.  Al¬ 
though  magnetic  coupling  does  not  take  place  vrfien  source  current 
is  not  flowing,  interference  may  still  take  plac«.  In  the  case  of 
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electrostatic  coupling;  that  is,  the  source-circuit  load  may  be 
of  infinite  imoedance  and  still  cause  interference. 


TABLE  2-33.  WIRE  TWIST® 


Gauge 

Two  Conducmr 

Three 

Four 

Six 

Ei  ght 

Number 

( twi sts/footj 

Conductor 

Conductor 

Conductor 

Conductor 

6 

4 

3 

2 

i 

1 

8 

5 

4 

3 

2 

1.5 

10 

6 

4 

3 

2.5 

2 

12 

7 

5 

4 

3 

2 

14 

8 

6 

4 

3 

2.5 

16 

10 

7 

5 

4 

5 

18 

12 

8 

6 

6 

4 

20 

16 

12 

8 

8 

6 

22  &  above  18 

16 

10 

9 

8 

aThi  s 
ing 

listing  represents  the  mini 
and  distribution  systems. 

mum  number  of 

C,  2 

1  1  ^ 

twists/foot  for 

wire  rout- 

c.  Transient  Response. 

(1)  Circuits,  such  as  relay  switching  circuits,  give  rise  to  tran¬ 
sients.  A  typical  circuit  of  this  type  is  shown  on  figure 
2-101.  Circuit  1  of  figure  2-101  is  activated  by  a  step-volt¬ 
age  of  magnitude  at  time  t  *  0.  To  simplify  the  transient 
response  analysis,  both  circuits  should  be  assumed  to  have  the 
same  capacitance  to  ground  and  the  same  parallel  combination 
of  load  and  source  resistance.  The  following  is  the  expression 
for  the  output  voltage: 

r  - 

'!o(t)  -  1  Vo  <VR0l>  [E  r  -  5 


where:  R 

P 


parallel  combination  of  load  and  source  resis¬ 
tances  of  either  circuit 


The  waveform  of  this  voltage  is  shown  on  figure  2-102.  The  maxi¬ 
mum  value  of  Oq  and  the  total  energy  (W)  coupled  into  circuit  2 
are  given  by  the  following  expressions: 
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IN1212-47 

Figure  2-101.  Equivalent  Circuit  for  Derivation  of  Coupled  Signal 
V 


Both  parameters  (emax  and  W)  are  sensitive  functions  of  the 
coupling  capacitance  and  the  capacitance  to  ground  of  each 
circuit.  In  the  absence  of  specific  information  about  :he 

'«r 

nature  of  a  circuit  and  its  function,  it  is  impossible  to  es¬ 
tablish  the  relative  importance  of  each  of  these  parameters, 
and  a  general  approach  should  be  followed.  Such  a  general 
approach  is  to  compare  pairs  of  circuits  of  different  geomet¬ 
ric  configurations  with  respect  to  both  parameters. 

(2)  A  meaningful  comparison  between  different  circuit  configura¬ 
tions  requires  the  establishment  of  criteria  for  each.  One 
bas!  .  on  which  to  compare  circuits  is  to  maintain  the  same 
weight  and  volume  occupied  by  the  conductors  for  each.  The 
coupling  capacitance  between  two  circuits  and  the  capacitance 
to  ground  for  each  arise  entirely  from  the  proximity  of  the 
conductors  in  the  flexible  insulation. 

(3)  Cross-section  views  of  cables  of  fou"  circuits  are  shown  on 
figure  2-103.  The  dimensions  of  the  conductors  and  their 
spacing  is  the  same  for  all  four  cases  (fig.  2-104).  Cases 
A  and  B  differ  only  in  the  relative  positions  of  the  ground¬ 
ed  conductors  for  the  two  circuits.  Case  C  is  the  same  as  A, 
except  that  both  sides  of  the  insulation  are  covered  with 
flexibTe  aluminum  or  copper  foil  of  approximately  0.001 -inch 
thickness.  The  foil  acts  as  a  ground  plane  to  provide  elec¬ 
trostatic  shielding  and  reduce  capacitive  coupling  between 
adjacent  circuits.  Similarly,  Case  0  Is  identical  to  B,  ex¬ 
cept  for  the  double  shield.  The  peak  voltage  and  che  total 
energy  transfer  in  all  four  of  these  cases  is  compared  to  a 
conventional  shielded  cable  containing  two  twisted  pairs. 

The  capacitance  in  Cases  C  and  0  are  the  same;  therefore,  the 
results  are  the  same  and  indicate  that,  of  the  cases  consid¬ 
ered,  the  double-shield  configuration  gives  the  best  isolation 
between  circuits.  For  purposes  of  comparison,  the  results  are 
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UNSHIELDED 


SHIELDED 


CKT,  1  CKT-  ?  CKT.  1  CKT.  ? 


A.  c,  -  c?  =  mt|tf/FT.  C.  C|  -  c2  =  I20wif/FT. 

",2  -  2.66W«f/FT  C|2  *  O.I3Wif/FT. 


CKT*  1  CKT.  2  CKT.  1  CKT.  2 


••  C,  =  Cj  »  (#»f/FT.  D.  C|  =  Cj  =  l20M«if/FT. 

C|2  *  0.*J|*if/FT.  C|2  *  O.Hwif/FT. 

IN  12 12-49 

Figure  2-103.  Cable  Circuit  Configurations. 


Figure  2-104.  Dimensions  of  Flat-Conductor  Flexible  Cable 
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normalized  for  cases  A  and  8  with  respect  to  the  results  for 
C  and  0.  The  results  are: 


Case 

max 

V 

A 

380 

7700 

8 

63 

206 

C,D 

1 

1 

Shielded  cable 

133 

1030 

The  listing  shows  the  advantages  gained  by  using  the  shielded 
configuration  in  dealing  with  circuits  involving  dc  signals 
and  with  circuits  involving  switching  that  generates  tran¬ 
sients.  It  indicates  that  hazards  due  to  voltage  breakdown 
are  more  likely  to  occur  in  circuits  generating  impulse  func¬ 
tions,  and  burnout  due  to  coupled  energy  is  more  likely  to  oc¬ 
cur  in  circuits  involving  dc  switching.  The  comparisons  shown 
in  the  listing  serve  to  exemplify  a  possible  means  of  predict¬ 
ing  interference.  It  is  possible  to  apply  the  same  approach 
to  other  types  of  cable  circuits;  for  example,  printed  boards 
and  circular  conductors.  In  addition,  it  is  possible  to  make 
comparisons  using  such  fixed  parameters  as  cost,  power  handling 
capability  and  length  of  time  that  the  interference  signal  is 
above  a  fixed  threshold. 

(4)  To  minimize  capacitive  crosstalk,  the  insulation  should  be  of 
low  dielectric  constant,  its  thickness  should  be  increased  or, 
if  possible,  the  two  circuits  should  be  routed  in  different 
layers  (color  groups)  of  multilayer  cable. 
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d.  Common- Impedance  Cabling  Elements.  Interference  signals  originat¬ 
ing  in  one  unit  of  an  electronic  complex  may  be  conducted  and  distributed 
to  other  unit...  A  single  signal,  ground,  or  shield  circuit  may  branch 
out  to  several  distinct  units,  each  located  some  distance  from  the  other. 
This  branching  out  may  recur  repeatedly  to  satisfy  system  intertie  condi¬ 
tions.  As  this  recurs,  a  network  forms  with  common  circuit  elements. 

These  common  elements  act  as  common  impedances  for  currents  originating 
in  branches  outside  the  common  element,  and  voltages  are  developed  across 
the  common  impedances.  To  reduce  interference,  it  is  necessary  to  elimi¬ 
nate  as  many  common  impedance  circuit  and  cabl ing  efements  as  possible. 

Such  action  requires  careful  assign  consideration  within  signal  and  ground 
circuits,  but  is  readily  accomplished  within  shield  circuits.  Commoi. -im¬ 
pedance  si gnal -ci rcui t  elements  are  best  eliminated  at  the  design  stage  by 
use  of  isolation  elements  such  as  individual  amplifiers,  cathode  followers, 
transformers,  or  filters.  Circuits  that  utilize  a  single-point  grounding 
philosophy  generally  are  not  affected  by  this  consideration  as  they  usual¬ 
ly  do  not  consist  of  branching  networks  involving  common  impedance  element.*. 
Undesirable  effects  of  common- impedance  ground-circuit  elements  are  effec¬ 
tively  eliminated  if  an  adequate  ground  plan*  extending  throughout  the  sys¬ 
tem  is  utilized  for  the  ground  return  circuits.  While  the  ground  plane  it¬ 
self  Is  a  common  impedance  element,  its  impedance  must  be  low  to  preclude 
interference  voltages  developing  across  it  of  sufficient  level  to  affect 
mutual  ground  circuits.  Common  impedance  in  shield  elements  can  be  effec¬ 
tively  eliminated  by  utilizing  the  ground  systnm  and  properly  grounding 
all  shield  tie  points.  A  ground  loop  is  used  to  ground  shields  at  each 
end,  as  is  recommended  for  the  reduction  of  interference.  If  an  adequate 
ground  plane  exists  between  two  pieces  of  equipment,  or  two  locations  at 
vrfiich  the  two  ends  of  an  individual  cable  shield  are  terminated,  then  the 
current  through  the  shield  will  be  greater  than  that  between  the  two 
ground  points  and  will  not  cause  appreciable  currents  to  be  coupled  Into 
the  signal  circuit.  The  voltage  that  appears  across  the  shield  is  effec¬ 
tively  that  which  results  from  the  current  in  the  ground  plane  between  the 
two  points  and  the  impedance  of  the  ground  plane. 
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e.  Power  Casing.  The  three  phases  of  each  delta-connected  transmis¬ 
sion  system,  and  the  three  phases  and  the  neutral  wire  of  each  four-wire, 
wye-connected  transmission  system,  should  be  twisted  tn  form  one  cable. 
Twisting  the  wires  together  effectively  cancels  the  ?lectric  and  magnetic 
fields  produced  by  the  120-degree  phase-differentia  voltages  and  cur¬ 
rents  for  either  type  of  connection.  Twisting  the  .  iree-phase  wires  and 
the  neutra!  wire  in  the  four-wire,  wye- connect  ion  e  actively  cancels  the 
magnetic  field  produced  by  the  in-pnase  thi rd- harmonic  currents  thit  fiow 
in  each  phase  and  add  algebraically  in  the  neutral.  These  thir  harmonic 
currents  are  generated  when  the  iron  cores  of  transformers  or  motors  are 
driven  to  near  saturation  or  operate  in  the  nonlinear  portion  of  the  mag¬ 
netization  curve.  The  design  of  electrical  equipment  in  which  the  iron 
cores  are  purposely  driven  into  saturation  is  often  undertaken  where 
space  and  weight  limitations  are  at  a  premium  and  the  duty  factor  is  low. 
Functional  equipment  performance  degradation  is  a  possiblility  because  of 
harmonic  voltages  and  currents  on  the  power  lines.  The  wires  should  have 
as  many  twists  per  foot  as  Is  practical  for  their  entire  length.  Where 
two  wires  are  connected  in  parallel  to  form  one  phase  of  the  three-phase 
system,  a  total  of  six  wires  is  used  and  twistad  to  form  a  cable.  Each  con¬ 
ductor  of  a  pair  that  represents  one  power  phase  of  this  six-wire  cable 
should  be  selected  diametrically  opposite  to  its  paralleling  mate. 

(1)  Separation  of  Rotor  Loads  From  Signal  Loads.  A  common  source 
of  interference  is  caused  by  commutation  in  dc  motors  and 
slip-ring  friction  in  ac  motors.  Low-level  signals  are  par¬ 
ticularly  susceptible  to  voltage  transients  generated  by 
these  sources.  Separate  power  lines  should  be  used  to  pre¬ 
vent  conducted  or  radiated  interference  from  entering  into 
low-level  signal  lines. 

(2)  Separation  of  Utility  Lines  From  Signal  Loads.  Utility  lines 
may  create  undesirable  paths  for  conducted  interference  sig¬ 
nals  and  are  quite  capable  of  effectively  radiating  unwanted 
signals  to  nearby  areas.  Separate  supply  lines  are  needed  to 
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preclude  the  entry  of  such  interference  into  signal  loads.  A 
delta-to-wye  hookup  to  provide  120  volts  for  single-phase  sig¬ 
nal  loads  and  utilities  is  recommended.  The  lines  supplying 
each  load  should  be  tied  to  a  separate  point  in  the  junction 
box  to  isolate  the  circuits  as  much  as  possible.  Individual 
grounds,  returning  to  the  e'rth  ground,  should  be  used  in  each. 

(3)  Placement  of  Conduit  and  Wirewavs.  Low-level  cables  should  be 
separated  from  other  cables.  Installation  plans  should  identi¬ 
fy  high-  and  low-level  cables  for  special  routing  and  segrega¬ 
tion.  Cables  used  for  pulse  signals  should  be  kept  in  sepa¬ 
rate  wi reways.  The  use  of  metal  conduit  is  recommended  in  the 
installation  of  cables  in  which  interfering  signals  cannot  be 
tolerated.  Separation  of  power  supply  lines  and  signal  lines 
is  necessary.  Where  cables  and  wi reways  are  tied  into  junction 
boxes,  separate  boxes  should  be  used  for  power  and  signal 
lines.  If  cables  and  wi reways  are  routed  into  a  single  junc¬ 
tion  box,  separate  tie  points  and  Internal  shielding  between 
lines  are  needed.  Of  the  two  methods,  the  one  using  separate 
boxes  is  preferred.  Open  overhead  wi reways  should  be  avoided, 
particularly  in  the  vicinity  of  rf  sources.  Closed  wi reways 
and  r^iJuit,  suitably  grounded,  are  recommended. 

(4)  Balanced  and  Unbalanced  Circuits.  Balanced  lines  provide  some 
degree  of  signal  isolation.  A  circuit  is  considered  balanced 
only  when  it  fulfils  all  of  the  following  conditions: 

1)  The  wires  constituting  the  circuit  have  equal  and  opposite 
current  flow  at  any  specified  point 

2)  The  circuit  is  free  of  primary  ground  plane  grounding 

3)  Both  sides  of  the  circuit  are  of  the  same  gage,  length, 
and  metal  I ic  material 

4)  Both  wires  are  covered  adequately  with  high  dielectric  in¬ 
sulation 
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5)  Both  wires  are  properly  twisted  with  respect  to  each  other 

6)  Metallic  splices  and  terminations  are  solidly  connected 

(5)  Signal  Circuits  and  Pulse  Leads.  AM  signal  circuits  should 
be  isolated  from  pcwer  or  other  circuits  to  the  fullest  ex¬ 
tent  practicable.  The  cabling  or  bundling  of  relatively  low- 
level  rignal  circuits  with  ac  power  circuits  should  be  avoid¬ 
ed,  When  the  signal  level  is  high,  these  circuits  may  be 
cabled  together,  if  necessary,  depending  on  the  relative  lev¬ 
el  between  circuits.  This  expedient  should  be  employed  only 
after  suitable  tests  have  shown  that  no  appreciable  disturb¬ 
ance  of  the  signal  circuit  occurs.  Leads  that  intentionally 
carry  pulse  'waveforms,  similar  to  radar  or  pulse  codes,  should 
be  run  through  separate  connectors.  When  any  pulse  lead 
passes  through  a  connector  in  a  way  that  involves  a  discontinu¬ 
ity  in  the  coaxial  structure  of  the  shielded  lead  (for  example, 
when  a  pulse  lead  can ter- conductor  and  shield  are  attached  *o 
separate  pins  of  a  connector),  an  extremely  low-impedance  cir- 
‘cuit  should  be  provided  for  the  ground  lead  of  the  shield  in 
the  connector.  If  this  !s  not  done,  the  entire  shield  along 
the  lead  may  radiate  or  conduct  interference.  A  suitable  low- 
impedance  connection  can  be  obtained  by  the  use  of  an  extreme¬ 
ly  heavy  pin,  or  >y  the  use  of  several  pins  in  parallel,  pre¬ 
ferably  dlstribut  d  circumferentially  about  the  pin  attached 
to  the  pulsq  leao  center- conductor.  The  pulse  lead  and  nearby 
susceptible  leads  should  be  shielded  to  prevent  transfer  to 
other  leads.  Additional  protection  can  be  provided  by  using 
rf  filters  to  bypass  unwanted  interference  components. 

2-33*  Waveguides 

*.  Where  waveguides  are  used  in  electronic  systems,  interference  can  be 
generated  by  the  creation  of  spurious  modes  of  propagation  as  well  as  by 
arcing  or  by  leakage  at  a  waveguide  junction.  The  generation  of  spurious 
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modes  should  be  resolved  through  proper  guide  excitation,  dimensioning, 
and  junction  design.  The  installation  of  waveguides  c  ->  also  cause 
spurious  modes  because  improper  support  in  a  vibration  environment,  par¬ 
ticularly  where  flexible  guide  is  used,  can  provide  conditions  whereby 
spurious  modes  can  be  generated.  Prevention  of  interference  from  being 
generated  as  a  result  of  arcing  or  leakage  at  a  waveguide  junction  is 
predicated  upon  continuous  conductive  coroact  around  the  junction  periph¬ 
ery.  Good  pressure  sealing  is  required.  A  nonconduct i ve,  deformable 
rubber-like  material  should  De  used. 

j>.  Because  it  is  sometimes  desirable  to  make  a  miltipurpose  seal  for 
reasons  of  economy  and  availability,  tne  same  basic  waveguide  seal  may 
be  used  in  applications  ranging  from  a  waveguide  feeding  minute  signals 
to  a  sensitive  receiver,  to  a  waveguide  carrying  the  output  of  a  megawatt 
transmitter.  This  universal  seal  sho-ld  be  designed  for  the  high-power 
application  and  be  capable  of  heat  dissipation  consistent  with  the  wave¬ 
guide  section  it  adjoins. 

c.  At  high  frequencies,  wavelengths  diminish  and  short,  physical  dis¬ 
continuities  invite  arc-overs.  Tiny  crevices  ar.d  cracKS  in  a  seal  become 
electrically  significant.  The  seal  must  be  designed  so  that  no  arcing 
will  occur  at  operating  frequencies  within  the  field  intensities  that  are 
expected  to  be  encountered.  Basic  shielding  theory  assumes  no  disc.ontinu 
I  ties  in  the  transmission  lint  and  no  openings  in  the  enclosure.  Practi¬ 
ce)  hardware  will  normally  introduce  discontinuities  at  a  sealed  joint. 
The  design  engineer  should  specify  a  seal  that  imposes  a  minimum  of  elec¬ 
trical  discontinuity.  The  waveguide  seal  should  provide  a  low  impedance 
over  the  entire  mating  area,  within  the  operating  frequei.cy  range. 

d.  The  standard  choke  flange,  intended  to  prevent  ieakage,  is  a  com¬ 
paratively  ineffective  shield.  This  flange  is  effective,  however,  when 
modified  by  the  addition  of  a  woven-metal  gasket  in  a  separate  outer 
groove  to  provide  a  I ow- impedance  path  between  the  flange  faces.  The 
choke  flange  has  no  broad  bandpass  and  presents  the  possibility  of 
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resonance  in  variable  frequency  use.  An  effective  seal  should  consist  of 
a  metal  plate  (matching  the  waveguide  flange  face)  that  has  a  pattern  of 
ra<sed  contacts  adjoining  the  waveguide  opening.  Adjacent  to  this  elec¬ 
trical  sealing  area  should  be  a  contoured  rubber  gasket,  molded  into  the 
metal  plate,  which  deforms  when  the  waveguide  flange  faces  are  closed 
down.  The  combined  effect  is  a  proven  seal  that  accomplishes  the  dual 
purpose  of  leakage  prevention  and  establishment  of  a  low-impedance  path 
between  the  flange  faces.  The  pressure  between  the  guide  and  the  seal  is 
a  salient  factor  in  controlling  rf  leakage  as  well  as  gas-pressure  leak¬ 
age.  The  loosening  of  even  one  bolt  at  a  junction  will  produce  a  decided 
influence  on  rf  leakage  as  well  as  gas  pressure  leakage. 


2-21/ 


Section  VI.  EQUIPMENT  MOUNTING 


2-34.  Genera) 

Situations  arise  that  require  shielding  and  bonding  of  equipment  at  the 
cabinet  level.  In  the  mounting  of  equipment,  the  cabinet  functions  as  a 
bonding  connection  between  the  individual  chassis  and  the  ground  plane,  as 
well  as  an  intermediary  bonding  intertie  between  the  cable  trays  and  the 
ground  plane. 

2-35-  Rack  Bonding 

Th?  equipment  rack  provides  a  convenient  means  of  maintaining  electi i- 
cal  continuity  between  such  items  as  rack-mourited  chassis,  panels  and  the 
ground  plane.  It  also  serves  as  an  electrical  intertie  for  the  cable 
trays.  A  typical  equipment  cabi ne^  wi th  the  necessary  modifications  to 
provide  such  bonding,  is  shown  on  figure  2-105.  Bonding  between  the  equip¬ 
ment  chassis  and  the  rack  is  achieved  through  the  equipment  front  panel 
and  the  rack  right-angle  bracket.  This  brocket  is  grounded  to  the  uni  strut 
horizontal  slide  that  is  welded  to  the  rack  frame.  The  lower  surfaces  of 
the  rack  are  treated  with  a  conductive  protective  finish  to  facilitate 
bonding  to  the  ground  plane  mat.  The  ground  stud  at  the  top  of  the  rack 
is  used  to  bond  the  cable  tray  to  the  rack  structure,  which  is  of  welded 
construction.  Figure  2-106  illustrates  a  typical  bonding  installation. 

The  cable  tray  is  bonded  to  the  cable  chute;  the  cable  chute  is  bonded  to 
the  top  of  the  cabinet;  the  cabinet  is  bonded  to  the  flush-mounted  ground¬ 
ing  insert  (which  is  welded  to  the  ground  grid);  and  the  front  panel  of 
the  equipment  is  bonded  to  the  rack  or  cabinet  front-panel  mounting  sur¬ 
face.  Nonconductive  finishes  are  removed  from  the  equipment  front  panel 
before  bonding.  The  Joint  between  equipment  and  cabinet  may  have  to  serve 
a  dual  purpose:  that  of  achieving  a  bond  and  that  of  preventing  interfer¬ 
ence  leakage  from  the  cabinet  if  the  joint  is  designed  to  provide  shield¬ 
ing.  If  such  shielding  is  a  requirement,  conductive  gaskets  should  be 
used  around  the  joint  to  ensure  that  the  required  metal -to-metal  contact 
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is  obtained.  If  the  equipment  is  in  a  shock-mounted  tray,  the  tray 
should  be  bonded  across  its  shock  mounts  to  the  rack  structure.  Connector 
mounting  plates  should  use  conductive  gasketing  to  improve  the  chassis  bond¬ 
ing.  If  chassis  removal  from  tne  rack  structure  is  required,  a  one-inch- 
wide  braid  with  a  vinyl  sleeving  should  be  used  to  bond  the  back  of  the 
chassis  to  the  rack.  ..The  braid  should  be  long  enough  to  permit  withdrawal 
of  the  chassis  from  the  rack. 

2-36.  Cabinet  Shielding  and  Equipment  Location 

a.  It  is  often  necessary  to  provide  shielding  at  the  cabinet  level  to 
contain  interference  generated  by  cabinet-mounted  equipment  or  to  protect 
such  equipment  from  external  electromagnetic  fields,  especially  when  un¬ 
shielded  off-the-shelf  equipment  must  be  integrated  into  an  electronic  com¬ 
plex.  The  interference  characteristics  of  such  equipment  may  cause  electro¬ 
magnetic  compatibility  problems  unless  external  shielding  is  used.  The  pro¬ 
cedures  for  establishing  the  cabinet  shielding  design  are  the  same  as  for 
any  type  of  enclosure.  All  joints  should  be  designed  to  prevent  leakage, 
and  power  circuits  should  be  filtered.  Cable  entry  into  the  enclosure  is 

a  critical  area;  a  connector  panel  should  be  used  for  cable  entry  at  the 
top  of  the  cabinet.  If  entry  Is  made  through  floor  cable  runs,  it  is  pos¬ 
sible  to  use  an  L^sectlon  in  the  bottom  of  the  cabinet  for  access  to  the 
connectors. 

b.  Equipment  location,  such  as  the  physical  closeness  of  sensitive  elec¬ 
tronic  circuits  to  potential  interfering  sources,  can  be  a  factor  contribut¬ 
ing  to  the  interference  problem.  Where  possible,  equipment  should  be  locat¬ 
ed  to  reduce  the  interference  problem.  In  many  cases,  however,  selective 
location  and  orientation  criteria  cannot  be  applied  because  functional  rela¬ 
tionships  between  pieces  of  equipment  prevent  them  from  being  widely  sepa¬ 
rated.  Equipment  housings  should  have  a  mating  surface  to  fit  into  a  read¬ 
ied  well,  or  they  can  be  connected  together  by  means  of  beryllium-copper 
straps.  These  housings  should  be  bonded  to  the  ground  system  by  beryllium- 
copper  straps  not  less  than  one  inch  in  width,  vrfiich  have  a  wi dth-to-l ength 
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ratio  of  at  least  1:5.  At  least  2  straps  should  be  used  for  each  equipment 
housing.  The  following  location  recommendat i ons  should  be  followed  wherever 
possi bl e: 

1)  Communications  receivers  and  transmitters  should  be  located  so 
that  their  antenna  lead-in  wiring  is  as  short  as  possible 

2)  Dynamotors,  inverters,  motor-alternators,  and  electric  motors 
should  be  located  in  remote  positions  from  receivers  to  prevent 
their  case-radiated  interference  fields  from  coupling  to  the  re¬ 
ceiver  lead- in  wiring 

3)  All  electrical  machinery  should  be  remote  from  openings  in  equip¬ 
ment  structures  to  prevent  interference  fields  from  radiating  di¬ 
rectly  to  external  antennas 

k)  Radar  modulators  and  transmitters  should  be  remote  from  communi¬ 
cation  receivers 

5)  Auxiliary  power  units  should  be  remote  from  openings  in  the 
equipment  so  that  Ignition  interference  from  the  units  cannot 
radiate  to  external  antennas  through  the  openings 

6)  Low-level  circuitry  should  be  remote  from  high-level  circuitry 
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